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Introduction 



Gellan gum was first approved for food use in Japan in 
1988. It had been used before the approval for culture 
mediums in microbiology and biotechnology. It has 
attracted much attention from food industries all over 
the world. It consists of a tetrasaccharide unit, glucose, 
glucuronic acid, glucose and rhamnose, and it forms a 
transparent gel which is heat-resistant in the presence of 
divalent cations. There have been many investigations of 
this gelling material; however, the mechanism of the sol- 
gel transition is not completely understood. Gellan gum 
is expected to be a good model for the study of 
thermoreversible sol-gel transitions because it dissolves 
well in water if it is converted into, for example, a 
sodium type, and it forms a transparent gel. In this 
sense, gellan gum is a better model sample than k- 
carrageenan or agarose, which forms a gel but which is 
not so transparent in comparison to a gellan gum gel. 

The collaborative research group was organised in 
the Research Group of Polymer Gels affiliated to the 
Society of Polymer Science, Japan, in 1989. The group 
consists of various laboratories with different disciplines: 
rheology, NMR, differential scanning calorimetry 
(DSC), light scattering, osmotic pressure, small-angle 
X-ray scattering, scanning tunnelling microscopy, etc. 
The first results of the collaborative research were 
presented at the annual meeting of the Society of 
Polymer Science, Japan, in 1991, and were then pub- 
lished as a special issue of Food Hydrocolloids 7:361-456 
(1993). Since the common sample of gellan gum used in 
the collaborative research was essentially a potassium 
type (KGG-1) and contained some other cations such as 
calcium and magnesium in addition to sodium ions, it 
was difficult to dissolve even if heated to 100 °C. It was 
impossible to determine the molecular weight of the 
common sample by light- scattering and osmotic pres- 
sure measurements. Therefore, Profs. E. Ogawa and 
K. Kubota changed the common sample into a tetra- 
methyl ammonium type, and performed the osmotic 
pressure and light-scattering measurements, and ob- 



tained molecular weights of = 5 x lO'* and 
Mw = 2.4 X 10^ respectively. The purpose of the colla- 
borative work is to use the common sample in all the 
laboratories with different techniques so that we can 
compare the experimental results directly. Unfortunate- 
ly, for the first sample this aim was not realised because 
of the poor solubility of the sample. 

I was lucky to ask to Dr. Sanderson of Kelco Ltd. to 
prepare the sodium-type gellan sample. His team was so 
kind to prepare a sodium-type gellan gum (NaGG-2), 
and I could distribute the common sample to our 
collaborative members in 1992. The results of the second 
collaborative research were presented at the Interna- 
tional Workshop on Gellan Gum and Related Polysac- 
charides held in Osaka in 1993. The papers of this 
collaboration together with some other interesting 
papers on gellan from the laboratories of Prof. E.R. 
Morris, Prof. M. Rinaudo and Dr. A. Nussinovitch 
were published in the special issue of Carbohydrate 
Polymers 20:75-207 (1996). However, the common 
sample used in our collaborative research group was 
not completely converted into a sodium type, and, 
therefore, osmotic pressure and light-scattering mea- 
surements were performed again for the ion-exchanged 
sample by Profs. E. Ogawa and K. Kubota. Unfortu- 
nately, the sample used was different from the second 
common sample, NaGG-2. 

I could not give up the dream to understand better 
the sol-gel transition of this polysaccharide, and again 
asked San-Ei Gen F.F.I. Inc. to prepare the better 
sample. Dr. Sanderson was generous to teach the 
method of preparing the sodium-type gellan gum to 
Drs. I. Asai and T. Omoto of San-Ei Gen F.F.I. Inc., 
and they prepared a sodium-type gellan gum (NaGG-3). 
The important difference between the second common 
sample, NaGG-2, and the third common sample, 
NaGG-3, is that it was possible to do the light-scattering 
and osmotic pressure measurements for the latter 
without further treatment. The weight-average molecu- 
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lar weight was determined by Professor Kubota to be 
9.5 X 10"^, and the number-average molecular weight was 
determined by Professor Ogawa to be 5.8 x 10"*. The 
sample was distributed to our group members in 1997. 
The experimental results were presented at the Osaka 
City University International Symposium 98 - Joint 
Meeting with the 4th International Conference on 
Hydrocolloids (OCUIS98-4ICH) in October 1998. 
During the conference, an informal meeting was held. In 
addition to our Japanese group members Dr. V.J. Morris, 
Prof. E.R. Morris, Prof. M. Rinaudo, Prof. M. Dentini, 
Dr. S. Kasapis, Dr. Sworn and Dr. Morrison attended the 
meeting, and discussed further collaboration. 

The present special issue consists of 19 papers 
contributed by these participants. The first paper 
describes the characterisation of gellan gum using laser 
light scattering by Professor Kubota in collaboration 
with Professor Nakamura. Professor Kubota is an 
expert in dynamic light scattering using his home-made 
apparatus, and he could determine the radius of 
gyration and the weight-average molecular weight of 
the common sample. The second paper describes the 
osmotic pressure measurements by Professor Ogawa, 
who has been studying the solution properties of 
polymers using this method for a long time. She could 
determine the number-average molecular weight and the 
second virial coefficients of the common sample as well 
as for the further-cation-eliminated sample. The third 
paper is from the laboratory of Professor Watanabe. 
The molecular forces responsible for gel formation are 
believed to be mainly hydrogen bonds, and her group 
presents an interesting discussion on this problem using 
results from NMR and circular dichroism (CD) studies. 
The fourth paper is a contribution from the team of 
Dr. Annaka in collaboration with Dr. Tokita, and 
discusses the gel-sol transition using multinuclear 
NMR. Professor Tsutsumi introduces an interesting 
method to study the sol-gel transition using electron 
spin resonance spectroscopy (ESR) (paper 5). Manganic 
ions were added to gellan gum solutions since manganic 
ions are active in ESR. Although the effects of divalent 
cations such as calcium and magnesium on the gelation 
of gellan gum are reported in papers 3, 8, and 11, the 
effects of manganic ions are only reported in paper 5. 
Dielectric relaxation was observed by the time-domain 
reflectometry method by Dr. Shinyashiki (paper 6). His 
team discusses the state and motion of water based on 
this method. Small-angle X-ray scattering measurements 
and the conformational analysis were performed by the 
team of Professor Kajiwara in collaboration with 
Dr. Kitamura (paper 7). Professor Kajiwara has been 
using this method for more than 10 years, and succeeded 
in working out the structure and conformation of this 
polysaccharide. The team of Professor Izumi carried out 
DSC and X-ray studies over the wide range of concen- 
trations, and proposed a phase diagram (paper 8). 



Prof. K. Nakamura has been studying the sol-gel 
transition of polymers based on rheology, and he 
clarifies the viscoelastic behaviour using small-deforma- 
tion oscillatory measurements and sound velocity mea- 
surements with Professor Kubota in paper 9. 
Dr. Takigawa has been interested in the rheological 
behaviour of gels for a long time, and performed 
measurements to clarify the nonlinear shear-rate-depen- 
dent behaviour of gellan gum solutions (paper 10). In 
our laboratory, small-deformation oscillatory measure- 
ments and DSC have been used to study the rheological 
and thermal properties and the sol-gel transition. The 
shift of the DSC exothermic peak in cooling DSC curves 
to lower temperatures by more than 4 °C in comparison 
to the sodium-type gellan gum sample (NaGG-2) 
surprised us at first, and we felt the importance of the 
sample purification (paper 1 1). We also studied the 
effects of sugars on the sol-gel transition by rheology 
and DSC (paper 12). A further ion-eliminated sample 
was prepared in the laboratory of Professor Watanabe 
from the potassium-type gellan (KGG-1) which was 
used in the first collaborative research, and was studied 
to clarify the gelation mechanism by CD (paper 13). The 
phase transition is discussed by Professor Hatakeyama 
based on data on transition temperatures mainly for the 
first collaborative sample, i.e. potassium-type gellan 
(KGG-1) (paper 14). 

Dr. V.J. Morris attracted much attention in his 
stimulating lecture showing beautiful atomic force 
microscope (AFM) photographs at OCUIS98-4ICH. 
His paper (15) is a challenging paper proposing a fibrous 
model based on this AFM observation. Professor 
E.R. Morris, a world-famous pioneer in the field of 
thermoreversible sol-gel transitions, contributes paper 
16, which describes the effects of sodium ions on the 
rheological behaviour of deacylated gellan. The effects 
of sugars on gels are important in relation to making 
dessert jellies. Drs. Kasapis and Sworn used rheological 
data to demonstrate the transformation of the gellan 
network from an enthalpic highly aggregated gel to an 
entropic lightly crosslinked arrangement with increasing 
levels of sugar (0 to 85%). These undergo readily 
vitrification and are of importance to the confectionary 
industry (paper 17). Dr. Asai has been working for a 
long time on the application of polysaccharides in food 
industries, and his group describes some new applica- 
tions of gellan gum in paper 18. The final paper is 
written by Dr. Morrison’s group. It reports an interest- 
ing trial to use gellan as a gelatin alternative. 

I tried to gather together all the data and make a 
comparison of the transition temperatures of gellan gum 
solutions as a function of the concentration of gellan 
gum, and of the added salts or sugars, etc. However, the 
exchange of this information and the rewriting of the 
manuscripts by each author took such a long time, and 
now I think it better to send all our papers to the 
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publisher and ask readers to compare all these data by 
themselves. I believe that papers 1-13 used the same 
common sample, NaGG-3, and so we can compare the 
experimental results directly. 

It is a great pleasure for me to include papers which 
describe the application of gellan gum in the food 
industry. 

I hope that some discussions, questions and com- 
ments attached to each paper will be interesting and 
helpful for readers to achieve a better understanding. 



Finally, I would like to thank all the contributors, 
and especially Prof. E.R. Morris for his corrections of 
English and comments for papers written by Japanese 
authors, and Profs. K. Ogino, T. Nishi and I. Ando for 
their valuable comments on manuscripts. 

K. Nishinari 
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Abstract The characterization of 
gellan gum in 25 mM NaCl solution 
at 25.0 and 40.0 °C was achieved by 
using static and dynamic light scat- 
tering techniques focusing on the 
molecular-weight distribution. The 
molecular weights were 21.7 x 10"^ at 
25.0 °C (the ordered state) and 
9.47 X 10"^ at 40.0 °C (the disordered 
state), and the ratio close to 2 
supported the scheme of the con- 
formational transition of gellan gum 
between a double helix and a single- 
stranded coil. The molecular-weight 
distribution of the gellan gum sam- 
ple was examined by the Laplace 
inversion method of the correlation 
function obtained by dynamic light 
scattering and by the wormlike chain 



model with a persistence length of 
98 nm at 25.0 °C and 17 nm at 
40.0 °C. The distribution obtained 
reproduced the molecular properties 
of gellan gum in 25 mM NaCl 
reasonably well. The present gellan 
gum sample has a large polydisper- 
sity of molecular weight. The chain 
stiffness changes greatly with tem- 
perature, and the gellan molecule 
behaves as a stiff chain even in the 
disordered state of a single-stranded 
chain. The substantial stiffness in the 
single-stranded state makes double- 
helix formation easy. 

Key words Gellan gum • Light 
scattering • Molecular-weight distri- 
bution • Wormlike chain • Stiffness 



Introduction 

Gellan gum is an extracellular polysaccharide produced 
by the bacterium Pseudomonas elodea and consists of a 
tetrasaccharide repeating unit of o-glucose, D-glucuronic 
acid, D-glucose, and L-rhamnose [1]. The most striking 
characteristic of gellan gum is that it forms firm and 
transparent gels in the presence of metallic ions, such as 
Ca^^ [2]. It is well known that gellan gum exhibits a 
conformational change from the disordered state (single 
chain) to the ordered state (double helix) with decreas- 
ing temperature, and the gelation is considered to be 
mediated by the double-helix formation and the associ- 
ation of such helices which is enhanced by the presence 
of metallic cations [3-5]. The physical nature of the gel 
states is, of course, related to the structure of the gel 
network (crosslinking structure) and the chain proper- 



ties between crosslinks. The rheological and physico- 
chemical properties of gellan gum in the sol state are also 
very interesting. Some of them have been discussed in 
recent reports by the research group on gellan gum [6, 7]. 

We carried out the characterization of gellan gum 
before using the common gellan gum sample [8]. At that 
time, we had to convert the gellan gum sample to the 
tetramethylammonium (TMA) type after excessive re- 
moval of coexisting metallic cations in order to avoid 
unnecessary aggregation and microgels. Thus, the state 
of the sample differed from that of other groups, and 
detailed comparison with the results of rheological and 
thermal investigations was difficult. This time, we had 
the chance to study the physicochemical properties of 
gellan gum using a well-purified common sample by 
various methods. The solubility in an aqueous solution 
and the contamination of microgels were very much 
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improved. We could obtain the sample solution suitable 
for light scattering analyses without further refinement 
of the sample; therefore, a detailed study of gellan gum 
both in the sol and gel states using this common sample 
is quite useful. 

In this paper, we report the solution properties, such 
as the molecular weight and the radius of gyration, of 
gellan gum distributed as a common sample coded as 
NaGG-3 both in the single-chain and double-helix 
states. The molecular-weight distribution was examined 
in both states using the dynamic light scattering 
technique. Gellan gum exhibits substantial stiffness even 
in the single-chain state described well by the wormlike 
chain model. 



Experimental 

Materials 

The purified sodium-type gellan gum sample (NaGG-3) was 
supplied by San-Ei Gen F.F.I., Osaka, Japan as the third 
distribution of the common sample for the research groups. The 
contents of the metallic ions of Na"*", K^, Ca^'*', and Mg^^ were 
2.59, 0.009, 0.02, and 0.001% by elemental analysis, respectively, 
and it is the characteristic of the present sample that all metallic 
ions except Na^ were removed exhaustively. No further purifica- 
tion of the sample was done. The sample solution was prepared by 
weighing NaGG-3 and correcting for the weight loss by drying. 

Fight scattering 

Fight-scattering measurements were carried out using a homemade 
spectrometer [9] and a AFV-500/E multiple-tau digital correlator. 
The scattered light intensity and the correlation function measure- 
ments using the homodyne mode were carried out simultaneously. 
The scattered light intensity was measured over the range of 
scattering angles from 20 to 150°, and the correlation function was 
measured at 30°. A vertically polarized Ar ion laser operated at a 
wavelength of 488.0 nm was used as an incident beam, and 
vertically polarized scattered light was detected using the photon- 
counting method. A cylindrical cell of 10-mm outer diameter was 
placed in a thermostated silicon oil bath, the temperature of which 
was controlled to within 0.01 °C. Optical purification of the sample 
solutions was achieved by the combined use of centrifugation and 
filtration using membrane filters of 0.45-^m pore size. 

Data analysis 

A Zimm plot of the square root form was employed to obtain the 
weight-average molecular weight, M„, the second virial coefficient, 
A 2 , and the radius of gyration, Rg, expressed as 

+ {\/6)Rlq^+A2cMg,] , (1) 

where K, c, and Rg are the Rayleigh constant, the concentration, 
and the absolute Rayleigh ratio, respectively [10]. q is the 
momentum transfer vector defined as g = (4nn/AQ) sin(0/2) with 
n and 9 being the refractive index of medium and the scattering 
angle, respectively. 

Autocorrelation functions of the scattered light intensity, 
obtained by the homodyne mode were analyzed by the cumulant 
expansion and Faplace inversion methods. G^^\t) has the following 
form relating to the normalized electric field correlation function. 



G(^Ht)=A[\+p\g(^){tf] , ( 2 ) 

where ,4 is a baseline and /I is a machine constant relating to the 
coherence of the detection. Generally, b expressed by the 

distribution function G(T) of the decay rate, T, as 

J G{r)exp{-rt)dr , ( 3 ) 

where f G(T)dT = 1, i.e. is the Faplace transform of G(T). 

g^^^(t) can be expressed by the cumulant expansion, 

g^'\t)=exp{-rt)ll + {g2/2l)t^-(/ii/3iy + ---] ■ ( 4 ) 

Here, f (average decay rate) and ^ 2 !^'^ (normalized variance) are 
related to G(T) by 

T = J rG(T)dr (5) 

f' 2 /f' = /[(r-f)Vf2]G(T)dT . (6) 

The third cumulant method was used to retrieve a reliable average 
decay rate, T, in this work, and the decay rate T is expressed as a 
function of concentration at the limit of zero scattering angle as 

T/^^(at ^ = 0) =D(c) =Do(l -I-^ dc-I ), (7) 

where ko expresses the concentration dependence of the diffusion 
coefficient. Dq is the translational diffusion coefficient and is 
obtained by the extrapolation to zero concentration and scattering 
angle. The hydrodynamic radius, R^^, is given by the Stokes- 
Einstein equation, 

Rh = kBT/6nrjf,DQ , (8) 

where is the Boltzmann constant and r/g is the solvent viscosity. 

G(T) is related to the molecular-weight distribution, if the 
fluctuation of the scattered light intensity results only from 
the translational diffusion of the individual polymer chain, by the 
relation 

G{r)dr oc M^P{M,q)N{M)dM , (9) 

where N(M) and P{M, q) denote the number-distribution function 
of the molecular weight M and the scattering function [11]. There 
is, besides, a minor correction factor relating to A 2 due to a finite 
concentration. Because T is proportional to the diffusion coeffi- 
cient, D, as r = Dq^ and the logarithmic spacing of T is more 
convenient than the linear spacing in the Faplace inversion for 
describing the wide distribution, we rewrite Eq. (9) using the 
relations 

G(logr)d(logT) (X M^P(M,Al)A(logM)d(logM) , (10) 

where 

G(T)dr = G(log T)d(log T) and A(M)dW = A(logM)d(logM) . 

The conversion from T (or D) to M and the evaluation of the 
scattering function need the relationships of Rg and ZJq with M for 
the monodisperse case. It should be noted that the experimental Rg 
obtained by static light scattering and Dg obtained by correlation 
function measurement are the z-averaged values. Therefore, the 
relationships of Rg and Dg, (or Rh) with M for the monodisperse 
case must be obtained by the self-consistent analyses of the 
molecular-weight distribution by the Laplace inversion of the 
correlation function. In the present work, these were calculated 
directly using the theoretical equations for the wormlike chain 
model and using various parameters characterizing the chain 
stiffness [12]. 
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The Laplace inversion is known to be an ill-posed problem 
mathematically in nature, and various methods have been proposed 
to overcome such a problem. The CONTIN 2DP (ALV-CONTIN) 
method was used in the present work to obtain the decay-rate 
distribution and to examine the molecular-weight distribution [13], 



Results and discussion 

The Zimm plots of the square root form of NaGG-3 in 
25 mM NaCl at 25.0 and 40.0 °C are shown in Figs. 1 
and 2, respectively. The square root form was employed 
because A 2 of gellan gum is fairly large. The results are 
tabulated in Table 1. Here, was obtained by the third 
cumulant method. A 2 is of the order of 10“^ at both 
temperatures, and is in agreement with the results of 
osmometry [14]. The large magnitude of at 

25.0 °C suggests the significant stiffness of gellan 
molecules. The molecular weights at 25.0 and 40.0 °C 
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Fig. 1 Zimm plot of NaGG-3 in 25 mM NaCl at 25.0 °C. 
Co = 1.083 X 10"^ g/cm^ 
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Fig. 2 Zimm plot of NaGG-3 in 25 mM NaCl at 40.0 °C. 
Co = 1.619 X 10“^ g/cm^ 



Table 1 Molecular parameters characterizing NaGG-3 in 25 mM 
NaCl at 25.0 °C and 40.0 °C 





1 

0 


IOM2 

(cm^mol/g^) 


R, 

(nm) 


(nm) 


R^jRh 


25.0 °C 


21.7 


3.69 


95.9 


33.0 


2.91 


40.0 °C 


9.47 


4.38 


45.6 


21.8 


2.09 



were 21.7 x lO"^ and 9.47 x lO"*, respectively, and the 
ratio was 2.29. According to the scheme that gellan 
exhibits a structural transition from the disordered 
single-stranded coil at high temperature to the ordered 
double helix at lower temperature, this ratio should be 2. 
The experimental result of 2.29 is consistent enough with 
this scheme, because our NaGG-3 gellan sample still has 
a substantial molecular-weight distribution and helix 
formation by more than two strands may take place. In 
fact, where is the number-average molec- 

ular weight determined by osmometry, was about 1.6 at 
40 °C [14]. Although the present gellan sample was well 
purified and fractionated to some extent, it still had 
substantial polydispersity. 

In our previous work, molecular parameters charac- 
terizing gellan molecules (TMA-gellan, purified from the 
first distributed gellan sample in 75 mM TMA chloride, 
TMAC) at 25.0 °C were reported and was 

23.8 X lO"* [8]. Since the molecular weight of the 
monomer unit (disaccharide assuming a double-helix 
structure) is 719 and 668 for TMA-gellan and Na-gellan, 
this molecular weight corresponds well with the present 
result. It means that the dispersion states of gellan gum 
with the double-helix conformation of both samples are 
quite similar to each other in the case where the samples 
are well purified. According to these data, the molecular 
weight per unit contour length. Ml, was evaluated as 
660 nm“'. Since the present case is Na-type gellan. Ml 
should be 613 nm“' for the ordered state assuming the 
same conformation as in TMAC solution. The value of 
Ml for the disordered state can be simply estimated as 
half of this, i.e. 307 nm“^ These values correspond to 
the length per saccharide unit of 0.54 nm and are 
reasonable enough [15]. By assuming that the molecular- 
weight distribution is approximated by the Schulz- 
Zimm distribution function with M^/M^ = 1.6, the 
values of the molecular diameter are 2.4 nm (25.0 °C) 
and 1.5 nm (40.0 °C), and the values of persistence 
length are 98 nm (25.0 °C) and 17 nm (40.0 °C); the 
radius of gyration and the hydrodynamic radius were 
calculated using the wormlike chain model [16]. Since 
the effect of the molecular-weight polydispersity on the 
hydrodynamic radius, R\^, should be weak, R\^ was 
obtained without including such an effect. Since the 
contour lengths are not so large compared with the 
assumed persistence length, the effect of the excluded- 
volume effect can be safely neglected [17]. The calculated 







4 



Table 2 Calculated molecular dimensions by the wormlike chain experimental results listed in Table 1. The evaluation of was 

model. Z,„, d and q denote the contour length, the diameter, and done including the molecular-weight polydispersity assuming a 

the persistence length, respectively. f?g,exp and -^h.exp mean the Schulz-Zimm distribution 

Z.W d q Rg Ri^ .^g.exp ^h.exp 





(nm) 


(nm) 


(nm) 


(nm) 


(nm) 


(nm) 


(nm) 


25.0 °C 


354 


2.4 


98 


101 


30.9 


95.9 


33.0 


40.0 °C 


308 


1.5 


17 


46.8 


20.3 


45.6 


21.8 



results are shown in Table 2. The method of evaluation 
of Rg and has been described elsewhere [8, 12, 18]. 
The same value of the persistence length at 25.0 °C as 
for the previous estimation for TMA-gellan in 75 mM 
TMAC was used. Reasonably good agreement with the 
experimental results for Rg and was obtained. The 
magnitude of the persistence length of 98 nm at 25.0 °C 
means significant stiffness in the double-helix state. This 
is in good agreement with the recent report using atomic 
force microscopy by Morris et al. [22]. 

Since the persistence length for the disordered single- 
stranded conformation is estimated as 17 nm, the gellan 
molecule should behave as a fairly stiff chain even in this 
state. For example, sodium hyaluronate in 0.2 M NaCl, 
which is one of the typical single-stranded stiff polysac- 
charides, is well expressed by a wormlike chain having 
a persistence length of 4.2 nm [19, 20]. Although the 
experimental ratio RgjRh at 40.0 °C (2.09) is comparable 
with the predicted value of about 2 for polydisperse 
Gaussian random coils in a good solvent, the stiffness of 
the disordered state should not be ignored. This should 
be related to the fact that gellan gum forms a firm gel, 
and the sol of it exhibits unique rheological behavior 
even in the very dilute condition. The elongated stiff 
nature in the single-stranded state favorably promotes 
the helix formation. According to the reported values 
of the radius of gyration and the molecular weight of 
xanthan in cadoxen where xanthan should assume a 
single-stranded conformation, the chain dimensions are 
well expressed by a wormlike chain having a persistence 
length of 15 nm [21]. /I- 1,4 bonding might be the origin 
of such stiffness even in the single-stranded state. It 
should be pointed out that the diameter in the single- 
stranded state is well expressed by more than half of that 
in the double-helix state. This suggests that the helix is 
not a loose one, but is rather compact. 

In order to analyze the molecular-weight distribution 
of NaGG-3, a Laplace inversion of the correlation 
function was performed as described in the Data 
analysis section. The decay-rate distribution, 
G(logTcorr), as a function of logTcorr is shown in 
Fig. 3. Fcorr denotes the correction of temperature and 
viscosity as Fcorr = [(f//' 7 ref)/(^/^ref)]r, where the sub- 
script ref means the reference state (25 °C). These decay- 
rate distributions give the same (by Eq. 5) as those 
obtained by the third cumulant method. The normalized 




Fig. 3 Decay-rate distribution of NaGG-3 in 25 mM NaCl at 25.0 °C 
(•) and 40.0 °C (O). Fcon- means the corrected values for temperature 
and viscosity 



variances (Eq. 6) were 0.57 and 0.29 at 25.0 and 40.0 °C, 
respectively. The distribution at 25.0 °C is much broader 
than that at 40.0 °C, and this is consistent with the 
conformational change of gellan gum between these two 
temperatures. It is noted that F is proportional to 1/Rh- 
The decay-rate distribution at 25.0 °C shifted clearly to 
the lower Fcorr side compared with that at 40.0 °C. This 
shifting indicates the conformational change between 
25.0 and 40.0 °C. Both curves are unimodal curves, 
suggesting simple distribution. However, if the sample 
treatment was not sufficient (dissolution only at about 
60 °C without heating at a temperature higher than 
90 °C), the molecular dispersion of the sample was not 
good enough; such an example is shown in Fig. 4. 
The decay-rate distribution clearly becomes a bimodal 
distribution, and the lower side of Fcorr extends more 
than that at 25.0 °C in Fig. 3. On the other hand, the 
high end of Fcorr in Fig. 4 coincides almost perfectly 
with that at 40.0 °C in Fig. 3. This means that the helix 
or its aggregation (or microgel) coexists with the 
molecularly dispersed single-stranded chain, although 
the sample solution appears good enough from its 
transparency and from a visual inspection. Sufficient 
treatment at high temperature is still necessary even for 
the NaGG-3 sample. In other words, the results shown 
in Fig. 3 suggest that the results shown in Figs. 1 and 2 
are for the well-defined (molecularly dispersed) sample. 
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Table 3 Calculated molecular weights by the Laplace inversion of the correlation function using the wormlike chain model. Values of 
M„ exp were obtained by osmometry [14] 



Z-w (nm) d (nm) q (nm) 10 10 10 * M„ exp 10 ^ M„ exp 



25.0 °C 354 2.4 98 21.9 9.44 21.7 13.4^ 

40.0 °C 308 1.5 17 10.2 5.75 9.47 5.8 



^This value was obtained at 28 °C 




Fig. 4 Decay-rate distribution of NaGG-3 in 25 mM NaCl at 40.0 °C 
without thorough molecular dispersion (no heat treatment) 



From the decay-rate distribution thus obtained, we 
can retrieve the molecular-weight distribution using the 
wormlike chain model previously described. This was 
done by using the parameters listed in Table 2, and the 
resultant number distributions, N(M), at 25.0 and 
40.0 °C are shown in Fig. 5. Both curves resemble well 
the Schulz-Zimm distribution with the specified values 
of M„/Mn except for the low-molecular-weight side; 
however, low-molecular-weight fractions do not affect 
the molecular dimensions significantly. The curve at 
25 °C shifts to the higher-molecular-weight side due to 
the conformational change compared with that at 40 °C. 
Both curves have tails extending to the higher-molecu- 
lar-weight side. The valnes of the weight-average and 
number-average molecular weights are 21.9 x lO"* and 
9.44 X lO'' at 25.0 °C and 10.2 x 10"^ and 5.75 x lO"* at 
40.0 °C, respectively: these are listed in Table 3, and are 
in fairly good agreement with the results of static light 
scattering and osmometry. The ratio of molecular 
weights at 25.0 and 40.0 °C is very close to 2 in 
agreement with the conformational change of gellan 
molecules from single strands to double helices with 
decreasing temperature. From these molecular-weight 
distributions we can calculate various molecular param- 
eters, such Rg and Since the experimentally obtained 
is effect of the molecular- weight 

distribution is not so strong (especially the effect of the 




Fig. 5 Number distribution, N(M), of the molecular weight of 
NaGG-3 in 25 mM NaCl at 25.0 °C (•) and 40.0 °C (O) obtained 
by the wormlike chain model with a persistence length and diameter 
of 98 nm and 2.4 nm (25.0 °C) and 17 nm and 1.5 nm (40.0 °C), 
respectively. The calculated values of and are shown in the 
insets 



tail on the high M side), and the results which coincide 
almost perfectly with those by the cumulant method 
were obtained by calculating J M'^N {M)dM / 

f R^^‘M^N(M)dM. On the other hand, such an effect is 
very severe for Rg because the experimentally obtained 
Rg is (Z?g)y^, and a slight uncertainty in the tail on the 
high-molecular-weight side has a great effect, and good 
agreements were not obtained. This might be due to 
some uncertainty in the determination of the decay-rate 
distribution. Of course, the wormlike chain mode 
parameters used here might not be accurate enough at 
present. These should be determined, in principle, by 
measurements for the monodisperse samples with a 
series of molecular weights. Unfortunately, it is not 
possible to get such samples at present, and the present 
evaluation of the wormlike chain parameters is still a 
preliminary one. However, the values used here are 
plausible enough and it should be emphasized that the 
single-stranded chain of gellan gum in 25 mM NaCl at 
high temperature is fairly stiff. 

Acknowledgements We wish to thank San-Ei Gen F.F.I. and 
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Discussion 

Tokita Your data clearly indicate the molecular weight 
of gellan doubles when the temperature is lowered. On 
the other hand, the ratio of the weight-average molec- 
ular weight and the number-average molecular weight 
increases at lower temperature. Can we discuss the 
aggregated structure of gellan or the mechanism of 
aggregation from the values of M^M^. 

Kubota I suppose that the double-helix formation from 
a single strand of gellan molecules will not necessarily 
proceed by 1:1 and a double helix consisting of more 
than two single strands should be formed. The polydis- 
persity of the molecular weight of the gellan molecules 
might enhance this process; therefore should 

increase with decreasing temperature. 

When a gellan molecule in the single-stranded state 
forms a double helix, it does not select another gellan 
molecule. In other words, double-helix formation pro- 
ceeds randomly not only by two gellan molecules in the 
single-stranded state with equal molecular weight (chain 
length), but also by gellan molecules with different 
molecular weights, and 1:2 or 1:3 or 2:3 bindings may 
occur. As a result, M^{25 °C)/M„(40 °C) is larger than 2 
and the normalized variance at 25 °C is much larger 
than that at 40 °C, as observed by light- scattering 
measurement. 

As for the experimental value with 

M„ determined by osmometry at low temperature is 
almost the same as that at 40 °C, although the value 
determined by osmometry at low temperature is not at 
25 °C but at 28 °C unfortunately. The reason for this is 
not clear. On the other hand, from the analyses of the 
molecular-weight distribution by the CONTIN method 
from the correlation function measurements, M^jM^ 
increases substantially with decreasing temperature. 



Of course, various assumptions are presumed in this 
analysis and the result is not rigorous enough. For 
example, the conformation of gellan molecules at 25 °C 
is assumed to be a homogeneous double helix and Ml at 
40 °C is set to half that at 25 °C. However, a real picture 
is more likely to be a once-broken rod or stiff chain with 
flexible joints at several positions, and the Ml value at 
40 °C may differ from the half value. However, since the 
calculated values of R^, (listed in Table 2), and 
(listed in Table 3) are in good agreement with the 
experimental results, the assumptions used should be 
reasonable ones. As for Ml values, if the double helix is 
a tightly wound one and the diameter of the double helix 
is not much larger than that of a single strand, the 
assumption of a half used might be okay. 

Therefore, the picture of random helix formation 
should be a realistic one, although the major part of 
helix formation might be a 1:1 pair. If the pairing is not 
long enough at the chain ends, such a pair will soon 
detach. Thus, the length of the double-helix conforma- 
tion will be stabilized and an equilibrium helix state will 
be attained. 

Matsukawa The decay-rate distributions in Fig. 3 have 
very smooth shapes. Are there any possibilities of 
neglecting small peaks or shoulders in the distributions 
in the process of the calculation to obtain them from 
autocorrelation functions of the scattered light intensity? 
According to your Figs. 3 and 4, the right ends of the 
distribution functions G(log Fcorr) seem to coincide well 
with each other. Are there any reasons for this, and what 
information can we extract about the helix formation of 
gellan molecules from it? Another question is that the 
values of the chain diameters seem a little large 
compared with the molecular structure. 

Kubota The coincidence of Fcorr after the correction of 
r/Tref means an equal hydrodynamic radius and the 
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equivalence of chain size. Several reasons may be 
plausible. One is that the gellan molecule behaves like 
a rigid rod even at 40 °C when the chain length is very 
short, because the estimated persistence length is fairly 
large (17 nm) at 40 °C. The dependence of the diffusion 
coefficient upon diameter is a weak one, and the 
diffusion coefficient at 40 °C might be almost the same 
as that at 25 °C after the correction of TjT^si- Another 
reason is that single-stranded chains remain to some 
extent at 25 °C, but I think this is unlikely. I guess that 
this fact is another indication of the stiffness of gellan 
molecules in the single-stranded state. 

As for the chain diameter, it was estimated from the 
results for the diffusion coefficient; therefore, the dia- 
meter obtained is the hydrodynamically effective one. 
If considerable hydration occurs, the hydration layer 
affects the effective chain diameter. Then, a diameter 
little larger than that of the molecular structure itself 
may happen. 

Obtaining the decay-rate distribution function from 
the correlation function is the Laplace inversion, and it 
is known as the ill-conditioned problem (Fredholm 
integral of the hrst kind). Only when no noise is present 
in the data and no rounding errors occur in the 
computation of the Laplace inversion can a unique 
solution be obtained. Otherwise (this is a real practical 
and experimental case) so many solutions which are 
different from each other are possible in principle. 



Therefore, the CONTIN method introduces the penal- 
ization of roughness (unsmoothness) of the distribution 
as regularization, i.e. the distribution function obtained 
by CONTIN is the one that is the smoothest and does 
not have an oscillating pattern to reproduce the 
correlation function (of course, the distribution function 
must be a realistic one physically). In this sense, it is not 
perfectly excluded that there is another solution which 
has some small peaks or shoulders in addition to the 
distribution functions in Fig. 3. 

Kajiwara The evaluated value of the persistence length 
at 40 °C is fairly large, and it suggests that the gellan 
molecule behaves as a stiff chain even in the single- 
stranded condition. at 40 °C is also fairly large 

and corresponds to a stiff-chain case. In our analyses of 
small-angle X-ray scattering in terms of a molecular 
model, 18 repeating units (72 glucose units) with the 
straight structure are sufficient to explain the scattering 
function. 

Kubota 72 residues correspond to 39 nm according to 
the Ml value used for a single-stranded chain. This is 
almost the same as the Kuhn length of 34 nm, which is 
roughly estimated from the persistence length of 17 nm. 
Therefore, the model that the chain behaves as a random 
coil over the contour length of the Kuhn length might be 
a reasonable one, and I think this fact is very consistent 
with your results in Figs. 5 and 6 in your paper. 
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Abstract The temperature depen- 
dence of the conformational prop- 
erties of sodium-type gellan gum in 
aqueous solutions was studied by 
viscometry and osmometry. The 
osmometry measurements were 
made at 28, 40, and 45 °C in aque- 
ous solutions at two sodium chloride 
concentrations (cj = 25 and 
50 mM). Viscosity measurements 
were carried out over the tempera- 
ture range from 5 to 50 °C in 
aqueous solutions at three sodium 
chloride concentrations (cs = 0.0, 
12.5, and 25 mM) and four sucrose 
concentrations (Cju = 0.0, 0.05, 0.5, 
and 1.0 M). The values obtained 
at 40 and 45 °C in aqueous sodium 
chloride solutions with different Cj 
were almost coincident and the av- 
erage value (5.7 x 10"^) was slightly 
less than half of the M„ value 
(13.6 X lO"*) obtained at 28 °C, sug- 
gesting that association of two mol- 
ecules and only a partial aggregation 
of associates take place at 28 °C. On 
lowering the temperature, the vis- 
cosity number, f/sp/c, of the sodium 
chloride solutions increased only 
slightly over the higher temperature 



regions but increased drastically 
below a critical temperature which 
increased with increasing Cj, and 
several degrees below these critical 
temperatures the f)sp/c values in- 
creased gradually. For aqueous so- 
lutions, in contrast, the tj^p/c values 
showed only a slight increase over 
higher temperature regions but a 
steep increase below the critical 
temperatures. The temperature 
dependence of rjsp/c for the sucrose 
solutions was similar to that of the 
aqueous solutions, but the critical 
temperatures in sucrose solutions 
increased with increasing Csu- These 
results could be interpreted as 
showing that, on lowering the 
temperature, the coil-to-double 
helix conformational transition of 
sodium-type gellan molecules and 
partial aggregation of helices occur 
below the critical temperatures, 
and are promoted by increasing 
the sodium chloride or sucrose 
concentrations. 

Key words Gellan gum • Aqueous 
solution • Conformational transi- 
tion • Osmometry • Viscometry 



Introduction 

The microbial polysaccharide gellan gum is a linear 
anionic polymer consisting of tetrasaccharide repeating 
units (o-glucose, o-glucuronic acid, o-glucose, and 
L-rhamnose) with a carboxylate group (Fig. 1) [1, 2], 
This polysaccharide is widely used in the food industry 



because it forms transparent and heat- or acid-resistant 
gels [3]. The gelation mechanism of gellan gum which 
is now accepted is that gellan molecules undergo a 
thermally reversible coil-to-helix (double helix) confor- 
mational transition, and junction zones of gellan gels are 
formed by aggregation of double-helical gellan mole- 
cules [4-13]. Thus, helix formation is a prerequisite for 
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D-Glcp 




D-GlcpA D-Glcp L-Rhap 




carboxylate group 

Fig. 1 Repeating units of a gellan gum molecule 



gel formation. The conformational transition tempera- 
ture of gellan gum has been reported to be around 30 °C 
[4-11]. It is known, however, that the conformational 
properties of gellan gum are strongly influenced by the 
presence of NaCl and saccharides, which are important 
ingredients of food. Nevertheless, its detailed mechanism 
has not been clarified sufficiently. 

Previously, we studied the ionic strength and tem- 
perature dependence of the conformational properties 
of gellan gums, such as tetramethylammonium (TMA)- 
type and Na-type, in aqueous solutions by osmometry 
[14-18], 

In the present study, osmometric and viscometric 
measurements of the Na-type gellan gum aqueous 
solutions were carried out to examine the effects of 
NaCl and sucrose on the conformational properties of 
the gellan molecules. 



Experimental 



The well-purified Na-type gellan sample (Na-gellan, kindly sup- 
plied by San-Ei-Gen F.F.I.) is the common sample of our gellan 
group and its ion contents are Na 2.75%, K 0.009%, Ca 0.02%, Mg 
0.001%, and Fe 0.001%. The Na-gellan was stirred in aqueous 
solutions with or without NaCl (or sucrose) for 2 h at 70 °C and 
for 1 h at 90 °C. The solutions were kept at 65 °C before viscosity 
measurement to prevent gelation. The solutions used for osmo- 
metry were dialyzed for 3-5 days at 65 °C against aqueous NaCl 
and were diluted with this dialyzing solvent, and the concentrations 
of the solutions were determined using a Union-Giken model 
RM-102 differential refractometer [14]. 

Osmotic pressure measurements were carried out at 28, 40, and 
45 °C in aqueous NaCl solutions (NaCl concentration Cg = 25 and 
50 mM) using a Hewlett-Packard model 503 high-speed membrane 
osmometer with a special type of glass tube [14]. To avoid 
contamination of the solutions with metallic ions, the stainless steel 
cell in the original design was replaced by a 6-nylon cell, and other 
metallic parts of the instrument such as the solvent reservoir and 
stopcocks were replaced with parts made of glass or synthetic resin 
[14]. 

The intrinsic viscosities were measured using a Ubbelohde-type 
viscometer. The flow time for the water in the viscometer used for the 
measurements was 250 s at 20 °C. The hot sample solution was 
poured directly into the viscometer at 50 °C, and the temperature 
dependence of the flow time was measured from 50 °C to an 
appropriate low temperature where the viscosity increases drastically. 



Results and discussion 



NaCl concentrations (c^ = 25 and 50 mM). n/c versus c 
plots where n is the osmotic pressure and c is the 
polymer concentration, are shown in Fig. 2. The njc 
values increased almost linearly at 45 and 40 °C, while at 
28 °C, the njc values deviated downward above around 
c = 0.3 (g/10^ cm^). For this solution at 28 °C, we 
noticed a small increase in the solution viscosities in the 
same concentration region. Moreover, in the case of the 
solution of Cg = 50 mM at 28 °C measurements could 
not be made due to high solution viscosities. It is 
supposed that interchain aggregation, which is respon- 
sible for gel formation, may occur at least partly. During 
the measurements, however, the solution was stable as a 
whole without gelation and good reproducibility of the 
data was obtained. Therefore, at 28 °C the data in the 
low concentration region below c = 0.3 (g/10^ cm^) 
were used for the following calculations. 

It is known that the osmotic pressure of the polymer 
solutions is expressed by the following equation with an 
appropriate value of g [19]: 

njc = (RT I M^)\\ +ff 2 M„c + g(ff 2 M„)V] . (1) 

Here R is the gas constant and T the absolute 
temperature. The parameter g in Eq. (1) is related to 
the third virial coefficient, A^, by g = A^jA^M. To 
diminish the third virial contribution, g = 1/4 is often 
used; however, this g value is empirical [20] and its 
applicability to polyelectrolyte aqueous solutions is not 
yet fully established. Previously, we evaluated A 2 and g 
separately using the Stockmayer-Casassa procedure 




c (g/10^cm^) 



Fig. 2 Plots of njc versus c for the Na-gellan solutions at 45, 40, and 
Osmotic pressure measurements were carried out at 28, 28 °C. The solid lines denote the values calculated from Eq. (2) using 
40, and 45 °C for two aqueous solutions of different the values of and .42 shown in Table 1 
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[21], and showed that g values obtained by osmometry 
of Na-type gellan gum at temperatures from 25 to 45 °C 
in aqueous NaCl solutions of Cs = 25, 50, and 75 mM, 
were close to 1/4 [15-18]. 

By assuming g = 1/4, Eq. (1) can be rewritten in the 
following form; 

(7r/c)‘/" = (7?r/Mn)‘/2(l+^2M„c/2) . (2) 

As shown in Fig. 3, the data almost fitted this equation. 
M„ and A 2 were determined from these plots and are 
listed in Table 1. 

Many studies have been carried out on the sol-gel 
transition of gellan gum molecules in aqueous solutions 
[4-13]. It is accepted that the molecular conformation of 
gellan gum in solution changes from a disordered state 
(single coil) to an ordered state (double-helix) on 
lowering the temperature, and on further decreasing 
the temperature or increasing the concentration of the 
solution, aggregation of helices occurs, leading to gel 
formation. Therefore, helix formation is a prerequisite 
for gel formation [4-13]. Previously we studied the 




Fig. 3 Plots of versus c for the Na-gellan solutions at 45, 40, 

and 28 °C 



conformational properties of TMA- and Na-type gellan 
in aqueous solutions by osmometry [14-18]. The M„ and 
A 2 values for the TMA-gellan were measured in aqueous 
TMA chloride (TMACl) solutions with six TMACl 
concentrations (Cs = 12.5, 25, 50, 75, 200, and 
500 mM). The values obtained at different Cs agreed 
with each other, and the average value obtained at 
28 °C was almost twice the value at 40 °C. The ionic 
strength dependence of A 2 at 28 °C could be described 
quantitatively by the theory for a charged long-rod 
model, while at 40 °C it seemed to be similar to the 
behavior of linear flexible polyelectrolytes [15, 18]. These 
results were interpreted as showing that the coil-to-helix 
conformational transition took place with decreasing 
temperature, and two molecules associated at 28 °C. 
Previously, we determined the and A 2 values of Na- 
type gellan gum in NaCl solutions (c^ = 25, 75, and 
50 mM) at 25, 28, 32, 36, 40, and 45 °C by osmometry 
[16, 17], using a different sample from the one used in 
this study. The M„ values obtained above 36 °C in three 
different NaCl solutions were almost coincident and the 
average value (4.6 x 10"^) obtained above 36 °C was just 
half the average value of M„ (9.4 x 10"^) obtained below 
28 °C. The M„ value obtained at 32 °C (5.6 x 10"^) in 
NaCl solution of = 25 mM was slightly higher than 
those obtained above 36 °C but lower than those 
obtained below 28 °C, suggesting that two molecules 
associate and form a dimer at 28 and 25 °C and that 
monomers are in simultaneous equilibrium with dimers 
at 32 °C. The values of A 2 obtained between 45 and 
25 °C were almost the same at each c^, while the A 2 
values decreased with increasing c^. This could be 
interpreted as showing that, even if the coil-to-double 
helix conformational transition of Na-gellan occured 
with decreasing temperature, the disordered chain is 
highly extended and assumes a more or less rodlike form 
due to electrostatic repulsions. Therefore, the observed 
A 2 values remain almost unchanged over the tempera- 
ture range 45-25 °C and are described qualitatively by 
the theory of Donnan and Guggenheim [22, 23]. 

As shown in Table 1, the M„ values obtained at 45 
and 40 °C were nearly the same and the average value 
(5.7 X 10"^) was slightly less than half the value of Mj, 
(13.4 X 10"^) obtained at 28 °C, which suggests that the 
coil-to-double helix conformational transition occurs, 
and that aggregation of helices may also occur at least 
partly. The values obtained in this study at 40 and 



Table 1 Number-average mo- 
lecular weights and second vir- 
ial coefficients for the Na-gellan 
in NaCl aqueous solutions 



Cs 


M„ X 10“* 






^2 X 10 ^ (cm^ mol/g^) 




(mM) 


C/i 

0 

n 


0 

n 


28 °C 


Gb 

0 

n 


u 

0 

0 


28 °C 


25 


6.2 


5.8 


13.4 


7.1 


6.7 


5.2 


50 


5.7 


5.3 




4.9 5.0 
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45 °C are somewhat higher than those obtained for the 
previous Na-gellan sample. Also, in this study, only 
partial aggregation seems to have occurred even at 
28 °C, while in the previous studies we did not observe 
partial aggregation at 28 °C but observed it below 25 °C 
[16-18]. This gap may be caused by differences between 
the two samples. (These two samples were purified from 
the same gellan gum sample, San Eigen F.F.I, lot 
62058A, but purihcation methods were different.) The 
value of the Na-gellan used in this study is somewhat 
larger than that of the previous one, and it is supposed 
that a higher molecular fraction has a greater tendency 
to result in gel formation. 

As shown in Table 1, the A 2 values obtained at 45 
and 40 °C were almost the same at each c^, while the A 2 
values obtained at these temperatures increased with 
decreasing Cg, suggesting that the molecular conforma- 
tion is almost the same at 45 and 40 °C and, as the ionic 
strength is decreased, the polyelectrolyte coil is expand- 
ed due to electrostatic repulsion. On the other hand, the 
A 2 value obtained at 28 °C was somewhat smaller than 
those obtained above 40 °C in Cg = 25 mM, suggesting 
that partial aggregation of helices may occur in the 
solution of Cg = 25 mM even at 28 °C. 

In order to obtain further information on the 
temperature dependence of the conformational behavior 
of Na-gellan in aqueous solutions, viscosity measure- 
ments were carried out over the temperature range from 
50 to 5 °C for the Na-gellan at three polymer concen- 
trations (c = 0.06, 0.125, and 0.25 g/10^ cm^) in aque- 
ous solutions of different NaCl concentrations 
(Cg = 0.0, 12.5, and 25 mM). 

The viscosity number, f/gp/c, was determined from the 
measurement of the flow times of solutions, tg, and of 
solvents, to, in the capillary viscometer. 

(4 ^o)/ ■ 

Here, f/g and rjo are the viscosities of the solution and the 
solvent, respectively. 

The rjsp/c versus temperature plots for the Na-gellan 
solutions are shown in Fig. 4. On lowering the temper- 
ature, the rjsp/c values of the NaCl solutions with 
Cg = 12.5 and 25 mM showed only a slight increase 
over higher temperature regions but drastically in- 
creased below the critical temperatures of 33 °C and 
around 29 °C for the NaCl solutions of Cg = 25 and 
12.5 mM, respectively. Several degrees below these 
critical temperatures (around 29 and 25 °C for the 
solutions of Cg = 25 and 12.5 mM, respectively), the 
rjsp/c values increased gradually and the slope of f]sp/c 
versus temperature plots in these temperature regions 
increased with increasing polymer concentrations. In the 
solutions of Cg = 0 mM (aqueous solutions without 
NaCl), the rj^p/c values increased only slightly with 




Temp. (°c) 

Fig. 4 Plots of t]sp/c versus temperature for aqueous and aqueous 
NaCl solutions of Na-gellan (c = 0.06, 0.125, and 0.25 g/10^ cm^) 

decreasing temperature down to critical temperatures, 
but below these temperatures the t/gp/c values increased 
steeply. 

The variation of rjsp/c is a reflection of conforma- 
tional change of Na-gellan molecules, and can be 
interpreted as follows. In NaCl solutions, on lowering 
the temperature, the coil-to-double helix conformational 
transition took place below the critical temperatures, 
and several degrees below these critical temperatures, 
helices gradually aggregated. The solutions of higher 
polymer concentrations have a greater tendency to form 
aggregates than those of lower concentrations. In 
aqueous solutions without NaCl, it seems that below 
the critical temperature, the coil-to-double helix confor- 
mational transition and partial aggregation of helices 
occurred concurrently. 

As shown in Fig. 4, the critical temperatures increase 
with increasing NaCl concentration, suggesting that the 
solutions with higher NaCl concentrations have a 
greater tendency to double-helix formation than those 
of lower Cg. It is considered that in aqueous NaCl 
solutions, the sodium cations can shield the electrostatic 
repulsion between ionized carboxylate groups in the 
gellan molecule and thereby lead to a reduction of the 
coil dimension, and hence can promote the helix 
formation and/or the association of two molecules. 
Moreover, sodium cations bind to the surface of 
individual helices, thus lowering their charge density 
and reducing the electrostatic barrier to aggregation. 
In the Na-gellan aqueous solutions without NaCl, the 
critical temperatures are much lower than those of the 
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solutions containing NaCl, and below these critical 
temperatures double-helix formation and aggregation of 
helices seem to occur concurrently. It is supposed that, 
in aqueous solutions, repulsive electrostatic interaction 
extends the coil dimension of macroions and hinders the 
double-helix formation and/or aggregation of helices, 
but at a sufficiently low temperature the coil-to-helix 
conformational transition and partial aggregation of 
helices may occur concurrently and rapidly. Dilute 
solutions, however, do not form a gel even if partial 
aggregation of helices occurs, due to an insufficient 
number of helices to form a three-dimensional network 
[24]. 

The effect of sucrose on the coil-to-helix conforma- 
tional transition of gellan gum was examined by 
viscometry. Viscosity measurements were carried out 
over the temperature range from 35 to 5 °C for the 
aqueous solutions at different sucrose concentrations 
(Csu = 0.05, 0.5, and 1.0 M). The temperature depen- 
dence of f/sp/c for the Na-gellan in sucrose solutions 
together with the data of the aqueous solution without 
sucrose (cs^ = 0 M) are shown in Fig. 5. The temper- 
ature dependence of r\splc for Na-gellan in sucrose 
solutions seem to be similar to the behavior of the 
solutions without sucrose; in these sucrose solutions, the 
risp/c values increased slightly on lowering the temper- 
ature to the critical temperature, but below that 
temperature the rjsp/c values increased drastically. 

As shown in Fig. 5, at temperatures above the critical 
temperature the f/sp/c values of these solutions with and 
without sucrose decreased with increasing polymer 
concentrations but were not influenced by the concen- 
tration of sucrose, indicating that the molecular dimen- 
sion of polyelectrolyte gellan is extended due to repulsive 
interactions between ionized carboxylate groups which 
are not affected by the presence of sucrose. It is noted 
that the critical temperatures increase with increasing 
Csu, suggesting that the solutions with higher sucrose 
concentrations have a greater tendency to double-helix 
formation and/or aggregation of helices. It may be 
considered, that on addition of sucrose, hydrogen bonds 
are formed between gellan and sucrose molecules, which 
decrease the degrees of motional freedom of the gellan 
molecules, resulting in promotion of double-helix for- 
mation and aggregation of helices. 

Miyoshi [25] studied the effects of sucrose on the sol- 
gel transition of gellan gum by rheological and differ- 
ential scanning calorimetry (DSC) measurements in 
aqueous solutions of c = 1 wt%. From the temperature 
dependence of the storage and loss moduli (G' and G", 
respectively) of the gellan solutions at a constant 
frequency, the G' and G" values and the coil-to-helix 
transition temperatures were reported to increase with 
increasing amount of sucrose added (0.01, 1.1, and 
1.6 M). In DSC measurements (on heating), an endo- 
thermic peak which is attributed to the helix-to-coil 





Temp. (°c) 



Fig. 5a, b Plots of rjsp/c versus temperature for aqueous and aqueous 
sucrose solutions of Na-gellan. a c = 0.13 g/10^ cm^; b c = 0.25 g/ 
10^ cm^ 



transition also shifted to higher temperature on addition 
of sucrose (0.45 and 1 M). The results were analyzed 
using the zipper model [26], and it was suggested that the 
addition of sucrose increases the number of elastically 
active network chains, which is induced by the increase 
in the number of zippers, and at the same time the 
rotational freedom decreases due to the hindrance of 
molecular motion. 



Conclusion 

The temperature dependence of the conformational 
properties of Na-gellan in aqueous solutions was studied 
by osmometry and viscometry. The M„ values obtained 
at 40 and 45 °C in aqueous NaCl solutions with different 
Cs were almost coincident and the average value 
(5.7 X lO"*) was slightly less than half the M„ value 
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(13.6 X 10"^) obtained at 28 °C, suggesting that associa- 
tion of two molecules and only a partial aggregation of 
associates took place at 28 °C. The temperature depen- 
dence of f/sp/c for aqueous solutions with and without 
NaCl (or sucrose) could be interpreted as showing, that 
on lowering the temperature, the coil-to-double helix 
conformational transition and partial aggregation of 
helices occur below a critical temperature in solution. 



and are promoted by increasing NaCl (or sucrose) 
concentration. 
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Discussion 

Ogawa We observed that the values of the reduced 
viscosity of gellan aqueous solutions with and without 
sucrose above the critical temperatures were not so 
different, and were not so much influenced by the 
sucrose concentration. We consider that the interaction 
between sucrose and gellan is similar to that between 
water and gellan, but the bulky sucrose surrounding 
gellan tends to decrease the degree of motional freedom 
of gellan, resulting in the promotion of stability of the 
helical structure. What do you think about this? 

Nishinari It is interesting to note that the reduced 
viscosity is almost independent of the sucrose concen- 
tration above the critical temperatures in your Figs. 5 
and 6. There have been many studies on the hydration of 
sugars. It is well known that the conformation of glucose 
well matches the tridymite structure in water [Uedaira 
H, Ikura M, Uedaira H (1989) Bull Chem Soc Jpn 62: 1; 
Kabayama MA, Patterson D (1958) Can J Chem 36; 
563], and that the equatorial hydroxyl groups in a sugar 
molecule may be effectively substituted for a water 
molecule, and hence the hydration of sugar hydroxyl 
groups has a stereospecific nature. Then, a sugar 
molecule with more equatorial hydroxyl groups has a 



stronger tendency to stabilize the water structure 
[Uedaira H (1990) In: Nishinari K, Yano T (eds) 
The science of food hydrocolloids. Asakura Shoten, 
Tokyo, p 42]. In this sense, I agree with you to think 
that the interaction between sugar and gellan and that 
between water and gellan may have something in 
common. However, I still do not understand the 
different roles in the hydration between the glucose 
unit in the gellan molecule and that in the added 
sugar. 

Kajiwara Gellan gum is a polyelectrolyte. Was the 
characteristic behavior as a polyelectrolyte solution 
observed in the results of viscometry of gellan gum 
aqueous solutions shown in Fig. 4? 

Ogawa As shown in Fig. 4, at temperatures above the 
critical temperature, the viscosity numbers of gellan 
gum in aqueous solutions without NaCl decreased with 
increasing polymer concentration, and in aqueous 
solutions with NaCl the viscosity numbers decreased 
with increasing NaCl concentration. These are charac- 
teristic features for the viscometry of polyelectrolyte 
aqueous solutions. 

Kajiwara In the study on the small-angle X-ray scatter- 
ing, it was observed that the molecular conformation of 
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gellan gum in aqueous solution with sucrose is similar 
to that without sucrose. 

Ogawa As shown in Fig. 5, at temperatures above the 
critical temperature, the viscosity numbers of gellan gum 
aqueous solutions with sucrose were almost similar to 
those without sucrose, suggesting that the molecular 
conformation of gellan gum does not change on the 
addition of sucrose. 

Tokita Was it observed, in the aqueons solution with the 
smallest amount of sucrose (csu = 0.05 M), that the 
coil-helix transition temperature of gellan gum was 
lower than that of the solutions without sucrose? 

Ogawa The coil-helix transition temperature of gellan 
gum aqueous solution with sucrose (cju = 0.05 M) was 
only slightly higher than that without sucrose. 

Nishinari On addition of 1 M sucrose, the gellan gum 
solution contains 34% sucrose, so the amount of water 



which is available for the dissolution of gellan gum in 
the system may be limited compared to that in the 
absence of sucrose. Flow do you take this into account? 

Ogawa We observed that the plots of In Cp versus l/Fch 
(Cp! polymer concentration percentage, Teh: coil-helix 
transition temperature) for the gellan gum aqueous 
solutions without sucrose fitted well to a single line. We 
recalculated the concentration of gellan gum as a 
percentage of gellan gum in the system from which the 
amount of sucrose was subtracted (cpri recalculated 
polymer concentration), and plotted the In Cpr against 
l/Fch comparing with the plots of gellan gum aqueous 
solutions without sucrose. It was seen that the plots of 
In Cpr deviated downward from the single line, suggesting 
that in the presence of sucrose, the coil-helix transition 
temperatures were increased. 
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even among the random coils is 
induced at high concentrations of 
K^. For a solution with Ca^^, 
it is suggested that ionic bonds are 
formed between carboxylic acids of 
gellan and Ca^^, and these reinforce 
the aggregates of double helices. 
From the result of the dependence of 
the 'FI NMR relaxation times on ion 
concentration, it was found that a 
certain amount of the cation is 
required for the structural change of 
gellan in the case of monovalent 
cations; on the other hand, divalent 
cations lead to a continuous struc- 
tural change in proportion to the 
concentration of the divalent 
cations. 
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Abstract *H NMR relaxation times 
for water and the circular dichroism 
for gellan solutions were measured 
in order to elucidate the hydrogen- 
bonding behavior and the structural 
change of the gellan molecule. From 
the results of the temperature de- 
pendence, it was found that *H T2 
for water significantly changes with 
the conformational change of gellan, 
such as the random coil-double helix 
transition or the formation of ag- 
gregates of gellan molecules, which 
alters the proton-exchange rate 
between a water molecule and the 
hydroxyl groups of gellan. From 
results for gellan solutions with 
various concentrations of K^, it is 
suggested that the hydrogen bonding 
between gellan molecules is acceler- 
ated by the shielding effect of 
ions and reinforces the double-helix 
structure and the aggregates of 
double helices, and that an aggregate 



Introduction 

Biopolymers, such as polynucleotides, polypeptides, 
polysaccharides and so on, show specific intermolecular 
interactions which play an important part in biological 
systems. Gellan gum, a microbial polysaccharide derived 
from Pseudomonas elodea, is known to have a double- 
helix structure and to form a gel by aggregation of the 
double helices under the influence of cations. The gel is 
widely used in the food industry and in biotechnology 
because of its transparency and resistance to heat and 
acidic conditions. The chemical structure of gellan has 



been confirmed as a linear anionic heteropolysaccharide 
consisting of (l,3)-/i-D-glucose, (l,4)-/i-D-glucuronic 
acid, (l,4)-/l-D-glucose and (l,4)-a-L-rhamnose as shown 
in Fig. 1 [1, 2]. 

The characteristic physicochemical properties of 
gellan gel are due to the gelation mechanism related to 
the molecular structure. The stiff and regular backbone 
made up by the tetrasaccharide units facilitates specific 
interactions between the hydroxyl groups of the poly- 
saccharide chains and contributes to forming highly 
ordered structures, such as the double helix. The 
dissociated carboxyl group promotes dissolution of 
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- 3)-|3-D-GIc^( 1 - 4)-P-D-GlcA-(l - 4)-|3-D-Glc-(I - 4)-a-L-Rha-(l - 



Fig. 1 Repeat unit of gellan 

the polysaccharide chain through electrical repulsion; on 
the other hand, the carboxyl group binds the polysac- 
charide chains to each other in the presence of divalent 
cations. 

In the mechanism for gelation, and also for double- 
helix formation, which takes place prior to or at the 
same time as gelation, hydrogen bonds involving the 
hydroxyl groups of gellan have an important role; 
i.e., the hydrogen bonds between gellan chains enhance 
the formation of a double-helix structure and the 
aggregation of the double helices, while the hydrogen 
bonds between gellan and water molecules serve to 
dissolve gellan both in the random-coil form and in the 
double-helix form. The static structures of the double 
helix of gellan and its aggregation have been proposed 
on the basis of the results of X-ray studies for solid 
samples [3, 4] and the calculation of the energy potential 
taking into account the effect of hydrogen bonding [5]. 
However, the partners in the hydrogen bond are 
continually changing in solution; therefore, consider- 
ation of the dynamics of hydrogen bonding is needed to 
understand the dynamical behavior of gellan in solution. 

NMR relaxation times, a spin-lattice relaxation time 
(Ti) and a spin-spin relaxation time (J 2 ), give useful 
information about the microscopic molecular motion of 
solvent and polymers in solutions [6-11]. In the case of 
water protons in aqueous solutions, the relaxation times 
are predominantly affected by a dipole-dipole interac- 
tion between intra-molecular protons in water mole- 
cules, and, therefore, strongly depend on a correlation 
time for molecular motion (Tc) as shown by Bloember- 
gen-Purcell-Pound theory [12]. In addition, when 
protons are exchanged between states (or species) with 
different chemical shifts, the J 2 relaxation time is greatly 
decreased depending on the exchange rate [13]. For 
water in gellan solution, the change in T 2 is expected to 
reflect the change in the proton-exchange rate between a 
water molecule and a hydroxyl group in gellan as well as 
the change in molecular mobility. The proton exchange 
will be strongly related to changes in the hydrogen- 
bonding structure of gellan. In this work, we have 
attempted to elucidate the hydrogen-bonding behavior 
and the structural change of gellan through the obser- 
vation of 'H NMR relaxation times. Circular dichroism 
(CD) was also measured to obtain direct evidence about 
the structural change of gellan between the random-coil 
form and the double-helix form; the results were 
compared with those from NMR measurements. Differ- 



ences in the process of structural change in gellan 
solutions including various concentrations of sodium, 
potassium, calcium and magnesium ions are discussed. 



Experimental 

Materials 

Gellan gum was supplied by San-Ei Chemical Industries, Osaka, 
Japan, as the third common sample for the research group on 
gellan gum (NaGG-3). The contents of metal ions were analyzed as 
Na 2.59%, K 0.009%, Ca 0.02%, Mg 0.001%, and the loss on 
drying was 8.7%. NaCl, KCl, MgCb and CaCb were purchased 
from Wako Pure Chemical Industries, Osaka, Japan, and were used 
without further purification. 

The powdered gellan gum was mixed with distilled water at a 
concentration of 2% (w/w) (weight of dried gellan/total weight of 
gellan solution) and stirred to swell and disperse at 40 °C 
overnight. The resulting homogeneous suspension was heated and 
stirred at 70 °C for 2 h and at 90 °C for 30 min to dissolve 
completely. Subsequently, the equivalent amount of metal chloride 
solution with twice the required concentration, which had been 
kept at 90 °C, was added under vigorous stirring and then the 
solution was stirred at 90 °C for 30 min, resulting in a homogenous 
and transparent solution. Immediately an aliquot of the solution 
for NMR and CD measurements was prepared in a sample tube 
and a cell, respectively, at 70 °C. The NMR relaxation time and the 
CD spectra were measured under the conditions described later. 
Another aliquot of the solution was kept at room temperature for 
4 days before use. The final concentration of gellan for all samples 
was adjusted to 1% (w/w) as mentioned previously. Therefore, 
native concentrations of ions brought into the samples by gellan 
itself were 0.025, 12.3, 0.060 and 0.004 mM for K, Na, Ca and Mg, 
respectively, and these amounts were counted into the total cation 
concentration in the samples prepared. 

Measurements 

'H pulse NMR measurements were carried out with a Bruker 
minispec PC-120 spectrometer operating at 20 MHz. The ‘H T, 
and T 2 values were measured by employing the inversion recovery 
and the Carr-Purcell-Meiboom-Gill pulse sequences, respectively. 
The dependence of ‘H T\ and T 2 on the cation concentration was 
observed at 40 °C. In order to observe the temperature dependence 
of 'H T 2 , the sample set in the spectrometer was cooled from 70 to 
15 °C at 0.5 °C/min, kept at 15 °C for 30 min and then heated up 
to 70 °C at the same rate. The temperature of the sample was 
controlled by circulating water around the sample tube: the 
temperature was maintained to within ±0.2 °C. 

CD measurements were carried out with a JASCO-7200A 
spectropolarimeter in the range between 250 and 190 nm with a 
scanning rate of 20 nm/min. The protocol for temperature 
dependence in the CD measurement was the same as that in the 
T 2 measurement. The temperature of the sample was controlled by 
circulating water around the sample cell and was monitored using 
a fine thermocouple inserted into the sample cell: the temperature 
was maintained within ± 0. 1 °C. 



T2 relaxation based on chemical proton 
exchange between water and gellan molecules 

The T 2 relaxation for water protons is predominantly 
caused by the intramolecular dipole-dipole interaction. 
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and mainly reflects the rotational motion of the water 
molecules. For protons with sufficient mobility, such as 
water protons in dilute gellan solution [14], the T 2 value 
is given by [12, 15] 

T 2 - 1/to - exp{-E/RT) , (1) 

where is the correlation time for the rotational motion 
of the water molecule, E is the activation energy for the 
motion, R is the gas constant and T is the absolute 
temperature. It is convenient to rewrite Eq. (1) in the 
form 

In F 2 = + constant , (2) 

when E is constant, i.e., a water molecule does not 
change the motional mode in the experimental temper- 
ature range, the plot of In T 2 against l/T gives a straight 
line with a slope of-EjR. 

In addition, 'H T 2 relaxation for water in gellan 
solution is greatly affected by a chemical exchange 
between water protons and hydroxyl protons of gellan, 
when the exchange rate, 1 /t^, is comparable with dm 
(=|a»w^ (Og\), where is the mean residence lifetime 
of the water proton, and co„ and cOg are the resonance 
frequencies for the water proton and the hydroxyl 
proton of gellan, respectively, so that 

//tw - . (3) 

Tw is related to the mean residence lifetime of the 
hydroxyl proton of gellan, Xg, by x^ = Xgp^jpg, where 
and pg are the fractions of the water proton and the 
hydroxyl proton of gellan, respectively. The chemical 
shift is found to be around 4.2 ppm for water protons in 
dilute gellan solution and in the range from 3 to 5 ppm 
for hydroxyl protons of gellan. Therefore, in the measu- 
rement with the spectrometer operating at 20 MHz, dm 
varies in a range of less than 24 Hz according to the 
chemical shift for the hydroxyl proton of gellan. On the 
other hand, x^ and Xg vary with temperature, and also 
with the hydrogen-bonding structure of gellan. The 
hydrogen bonds in gellan solution are classified as being 
formed between gellan and water (HBg..s^,) or formed 
between gellan molecules (HBg.g). The HBg.g causes the 
agglutination of gellan, which induces the double-helix 
structure or the aggregation of gellan molecules, and the 
Tg value for the hydroxyl proton forming HBg.g becomes 
longer compared with that forming HBg.^. Therefore, 
the change in the hydrogen-bonding structure induces a 
large change in the *H T 2 value. Schematic variations of 
In T 2 against a wide range of 1/T for a water proton in 
the solution with the agglutination of gellan by HBg.g 
and in the solution without it are shown in Fig. 2. 

With decreasing temperature the In T 2 values for 
water protons in each solution follow the linear 
relationship of Eq. (2) when r„ is far from the condition 
of Eq. (3), and show the large decrease only when 
Eq. (3) is satisfied for x^ in each form. The effect of 




structural \ / 
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Fig. 2 Schematic plots of lnr 2 against \jT for a water proton in 
gellan solution with (dotted line) and without (dashed line) hydrogen 
bonding between gellan molecules 



proton exchange appears at higher temperature in the 
solution with agglutination of gellan by HBg.g than in 
the solution without it. The HBg.g is formed within the 
double helix during the random coil-double helix 
transition and between gellan molecules or double 
helices during the sol-gel transition. Therefore, the T 2 
value is thought to be changed via these structural 
changes as indicated in Fig. 2. 



Results and discussion 

Dependence of ^H NMR relaxation times 
on cation concentration 

It is known that in the gelation behavior the cation 
concentration dependence varies with the cation species 
added. The dependences of 'H Ti and 'H J 2 (40 °C) for 
water on the concentration of monovalent cations 
([Na^], [K^]) and divalent cations ([Ca^^], [Mg^^]) in 
1% gellan solution are shown in Fig. 3a and b, 
respectively. 

In Fig. 3a, with increasing [Na^] and [K^], T 2 values 
are nearly constant or slightly decrease in lower 
concentration solutions ([Na^] < 55 mM, [K^] < 
25 mM), and become small in the medium concentration 
solution (55 mM < [Na^] < 80 mM, 25 mM < [K^] 
< 60 mM) and then remain constant in the higher 
concentration solutions ([Na^] > 80 mM, [K^] > 
60 mM). Visually, gellan systems were in the sol state 
in the lower cation concentration solutions and in the gel 
state in the higher cation concentration solutions at 
40 °C. As discussed in detail later, the decrease in T 2 for 
water indicates the change of the hydrogen-bonding 
structure between gellan and water molecules due to the 
structural change of gellan. The T 2 value in the gellan/ 
system starts to decrease at lower concentrations 






18 



Fig. 3 Cation concentration 
dependence of 'H T, (O, A) and 
’H T 2 (•, A) for water in 1% 
gellan solution including a mo- 
novalent cations of (O, •) 
and Na"^ (A, A) and b divalent 
cations of Ca^’*' (O, •) and 
Mg^"^ (A, A) at 40 °C 




than that in the gellan/Na^ system; therefore, the 
structural change of gellan occurs at lower concentra- 
tions of than of Na^. This result is consistent with 
results of rheological and thermal experiments reported 
by Miyoshi and Nishinari [16]. On the other hand, as 
shown in Fig. 3b, the concentration dependence of the 
T 2 values for the gellan/divalent cation system is 
different from that for the gellan/monovalent cation 
system both in the concentration range and in the form 
of the transition; i.e., T 2 values show an initial mono- 
tonic decrease with increasing [Ca^^j and [Mg^^j and 
then approach constant values. This suggests that the 
mechanisms for the structural change in gellan solutions 
are different with monovalent cations and divalent 
cations. In the case of monovalent cations, a certain 
amount of the cation is required to induce the structural 
change, whereas divalent cations lead to an immediate 
and continuous structural change as the cation concen- 
tration is increased. 

Ti values show the same form of variation as the T 2 
values in the same concentration range, although the 
magnitude of the variation is much smaller than that for 
the J 2 values. Therefore, it can be said that there is little 
difference in the mobility of water between the sol and 
gel states, and that the T 2 value is more sensitive than 
the Ti value to the structural change of gellan. 



Temperature dependence of *H J 2 
and molar ellipticity in gellan solution 

The temperature dependence of *H T 2 and the molar 
ellipticity was measured for the 1% gellan solutions 
without additional salt, and with at 20, 40 and 
80 mM and Ca^^ at 1, 2 and 5 mM, which are in the 
range for the sol state, the intermediate state and the gel 
state, respectively, for each cation at 40 °C. 

Typical CD spectra obtained for a 1% gellan solution 
on cooling without additional salt are shown in Fig. 4 



with the temperature in the cell at the time when the 
spectrometer is passing 202 nm. 

At a temperature above the coil-helix transition 
temperature (Teh), which is reported to be 27 °C from 
the rheological measurement for 1% gellan solution [16], 
the peak around 202 nm in the CD spectrum reflects the 
optically active chemical structure of the glucuronic acid 
unit in the random-coil form of gellan. On decreasing the 
temperature to below the optically active high-order 
structure of the gellan chain, which is believed to be a 
double-helix structure [17, 18], is formed, and the CD 
spectrum is changed to the superposition of the spectrum 
for the random coil and that for the double helix. 
Therefore, the change in molar ellipticity at 202 nm, 
[t^] 202 , is proportional to the change in the population of 
the random coil. The [0]2O2 and 'H T 2 values for 1% 
gellan solution without additional salt are plotted against 
temperature on cooling in Fig. 5a and b, respectively. 

The drastic change in [0]2O2 around indicates the 
conformational change of gellan from the random coil 
to the double helix [19, 20]. The transition temperature 
determined by CD measurement, Tcd. was defined at 
the intersection of the extrapolated lines from data 
points in the higher temperature range and from data 
points in the range of the steep decrease at lower 
temperature, as demonstrated in Fig. 5a. The 'H T 2 
value decreases gradually with decreasing temperature 
down to 33 °C because of the slowing of the molecular 
motion of water. In addition, the 'H T 2 value shows 
a steep decrease at a temperature around Tqu- From 
diffusion measurements during cooling, we have found 
that the translational motion of water molecules in 
gellan solution is identical to that of pure water and 
never shows such an abrupt change (data not shown). 
Therefore, the steep decrease in the 'H T 2 value must be 
caused by the change in the proton-exchange rate 
between water molecules and the hydroxyl groups of 
gellan. Specifically, hydrogen bonds within the double 
helix are formed during the conformational change of 
gellan from the random coil to the double helix. 
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Fig. 4 Circular dichroism spec- 
tra obtained for 1% gellan 
solution on cooling without 
additional salt. Temperatures 
for the measurement at 202 nm 
are indicated 





10 20 30 40 50 60 70 

Temperature / °C 

Fig. 5 Temperature dependence of a the molar ellipticity at 202 nm 
[9]2q2 and b 'H T 2 for 1% gellan solution on cooling without 
additional salt 

Temperature dependence of 'H T 2 and molar 
ellipticity for solutions with the ion 

The temperature dependences of [0]2O2 and 'H T 2 for 1% 
gellan solutions containing the ion on cooling and 
heating are illustrated in Fig. 6. 



For the solution with 20 mM (Fig- 6al, bl), 
[0]2O2 and T 2 on cooling show similar behavior to 
those shown in Fig. 5a and b although Tqu and Tnmr 
( the temperature at the start of the steep decrease in 
*F1 T 2 ) shift to higher temperature (36 °C). The shift of 
Ten and Tnmr is explained by the shielding effect of the 
ion for the repulsion of static charge between 
carboxyl groups in gellan. 

For the solution with 40 mM (Fig. 6a2, b2), 
[0]2 o 2 and 'H J2 on cooling show similar behavior, 
except for a further shift of Tqu and Tnmr to higher 
temperature (39 °C). On heating, however, [0]2O2 and *H 
T 2 show a delayed increase around 44 °C, a more 
gradual increase in the range about 48 to 56 °C and 
a steep increase around 57 °C to recover to the value 
in the cooling direction at temperatures above 60 °C. 
This behavior suggests that 

1 . The hydrogen bond within the double helix formed 
at low temperature is more stabilized in the solution 
with 40 mM K ^ by the higher shielding effect due to the 
higher concentration compared with the solution with 
20 mM K+. 

2. Some of the double helices form the aggregate 
reinforced by hydrogen bonding between double helices, 
which have greater thermal stability and break down 
at higher temperatures (around 57 °C) than the unag- 
gregated double helices (48 °C). 

The differential scanning calorimetry (DSC) heating 
curve shows a bimodal endothermic peak in the same 
range of temperature [16]. 

For the solution with 80 mM (Fig. 6a3, b3), 
[0]2 o 2 on cooling shows similar behavior with a further 
upward shift of Tcd (to 44 °C). Tnmr, however, appears 
at a much higher temperature (around 52 °C) than Tqu- 
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Fig. 6 Temperature dependence of al-a3 the molar ellipticity at 
202 nm, [0]2O2, and bl-b3 'H T 2 for 1% gellan solution with K"*" 
of 20 (al, bl), 40 (a2, b2) and 80 mM (a3, b3) on cooling (Q) and 
heating (A) 

This result suggests that the hydrogen bond between the 
random coils of gellan is formed prior to the formation 
of the double helix, resulting in a change in the proton- 
exchange rate between water and gellan molecules. Here, 
we distinctly consider three types of hydrogen bond 
between hydroxyl groups of gellan; i.e., hydrogen 
bonding within the double helix, between the double 
helices and between the random coils, with the latter two 
types being referred to as “hydrogen bonds between 
gellan molecules”. On heating, a large delay in the 
recovery in [0]2O2 and a slight steplike change around 
60 °C are observed. On the other hand, 'H J2 remains 
almost constant and never returns to the original values 
even when the double helix disappears. This means that 
the hydrogen bonds between gellan molecules are very 
strong and the aggregate of gellan molecules remains 
even at high temperatures. Therefore, it is thought that 
the hydrogen bonds between gellan molecules in the 
aggregate have higher stability than the hydrogen bond 
within the double helix in the solution with a high 
concentration of K^. In addition to the shielding effect 
of K^, the aggregate may be strengthened by a specific 
interaction between ions and hydroxyl groups in 
gellan as found in the dextran/K^ system [21]. From a 
comparison with the results of rheological experiments 
[16], it is suggested that the hydrogen bonds between 



gellan molecnles in the aggregate contribute to the 
network structure at high temperatures in the presence 
of a high concentration of monovalent cations. 

Temperature dependence of 'H J2 

and molar ellipticity for solutions with the Ca^^ ion 

The temperature dependence of [0]2O2 and 'H T2 on 
cooling and heating for 1% gellan with added Ca^^ is 
demonstrated in Fig. 7. 

For the solntion with 1 mM Ca^^ (Fig- 7al, bl), 
[6]202 shows similar behavior to that shown in Fig. 5a 
except for a small shift to higher temperature of Tqd 
(31 °C) and the display of thermal reversibility. On the 
other hand, 'H T2 shows a more drastic decrease at 
Fnmr (which is identical to Ten) on cooling than that 
in Fig. 5b, and almost constant valnes at temperatures 
higher than Tnmr on heating. This result suggests that 
the formation of a hydrogen bond between gellan 
molecules is accelerated by an ionic bond between 
carboxylic acids of gellan and Ca^^ (IBg-Ca-g) when 
gellan adopts the donble-helix structure, and that 
hydrogen bonds between gellan molecules, which are 
reinforced by IBg.ca-g, are partly retained at high temp- 
eratures. 

[6]202 and 'H T2 for the solution with 2 mM Ca^^ are 
shown in Fig. 7a2 and b2, respectively. On cooling, both 
[6]202 and 'H T’2 gradually decrease at Tcd or Tnmr 
(34 °C). On heating, [0]2O2 increases almost reversibly 
up to 28 °C and then shows irreversibility at higher 
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Fig. 7 Temperature dependence of al-a3 the molar ellipticity at in contrast to the existence of two components in the 
202 nm, [0]2o2i and bl-b3 *H T 2 for 1% gellan solution with Ca^^ of 1 solution with 2 mM 
(al, bl), 2 (a2, b2) and 5 mM (a3, b3) on cooling (O) and heating (A) 



temperature, and 'H T 2 shows a small increase up to 
28 °C corresponding to the increase in [0]2O2, and 
remains almost constant on further increase in temper- 
ature. This observation suggests that the drastic forma- 
tion of the double-helix structure shown by the solution 
with the ion or 1 mM Ca^^ is retarded in the 

solution with 2 mM Ca^^ by the restraint in the 
molecular motion of gellan caused by IBg.ca-g- This 
result agrees with the observation that the exothermic 
peak in the DSC cooling curve becomes broader with 
increasing concentration of Ca^^ [16]. Further, it is also 
suggested that there exist two components in the double- 
helix structure: one is reversibly disintegrated by heating 
and the other has a heat resistance because of reinforce- 
ment by IBg.ca-g- From a comparison with rheological 
results [16], it can be said that the component of the 
reinforced double helix contributes to maintaining the 
network structure at high temperatures. 

For the solution with 5 mM Ca^^ (Fig- 7a3, b3), 
[ 0 ] 2 o 2 and T 2 on cooling show relatively gentle slopes 
for the same reason as discussed previously for the 
solution with 2 mM Ca^^, but on heating [0]2O2 shows 
only a gradual increase and T 2 decreases slightly 
throughout the heating process. This suggests that all 
the double-helix structure generated at low temperatures 
in the solution with 5 mM Ca^^ is reinforced by IBg.ca-g 



Considerations for conformational change 

To clarify the relationship between the change in 'H T 2 
and the strnctural change of gellan. In T 2 is plotted 
against \jT for water in the gellan solutions without 
additional salt, with 20, 40, and 80 mM K^, and with 
1, 2, and 5 mM Ca^^ in Figs. 8 and 9al-a3 and bl-b3, 
respectively. 
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Fig. 8 Plot of lnr 2 against \jT for a water proton in the gellan 
solution without additional salt 
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Fig. 9 Plots of lnr 2 against \jT for a water proton in gellan solution 
with al of 20, a2 40 and a3 80 mM, and that with Ca^^ of bl 1, 
b2 2 and b3 5 mM on cooling (Q) and heating (A) 

The data points for the cooling process all lie on 
essentially the same straight line down to T^mr- This 
means that the 'H T 2 value for water follows Eq. (2) at 
temperatures above Tnmr and therefore *H T 2 relax- 
ation for water is predominantly caused by the dipole- 
dipole interaction and the molecular motion. At tem- 
peratures below Tnmr, every plot deviates downward 
from the straight line. T^mr is identical to Tcd for all 
solutions except for that with 80 mM K^. Therefore, 
the deviation of T 2 is attributed to the effect of chemical 
proton exchange between a water molecule and hydroxyl 
groups of gellan due to a significant change in the 
hydrogen-bonding structure on double-helix formation; 
namely, Eq. (3) is satisfied. The deviation for the 
solution with 80 mM is also thought to arise for 
the same reason, but the hydrogen bonds between gellan 
molecules are formed before the formation of the 
double-helix structure. On heating, the T 2 change 
was reversible or irreversible depending on the ionic 
conditions, as shown in Eig. 9. In order to explain 
the difference in the heating processes, we can depict the 
expected trace (Fig. 10) for the heating process on the 
basis of the discussion for Fig. 2. 

In the reversible cases the T 2 values recorded on 
cooling initially follow the trace for the solution without 
HBg.g (dashed line) and then switch to following the 




Fig. 10 Schematic trace of 'H T 2 for the reversible case and the 
irreversible case with expanded plots shown in Fig. 2 

trace for the solution with HBg.g (dotted line). The 
heating trace is the same because of the reversible change 
of the hydrogen-bonding structure. For the solutions 
with 1 and 2 mM Ca^^ the 'H T 2 value is reversible 
halfway, and after that follows the course for the 
solutions with some HBg.g. For the case of the solution 
with 5 mM Ca^^, the 'H T 2 plot follows the course for 
HBg.g because of the aggregate of the double helices 
present throughout the entire heating process to 70 °C. 
For the solution with 80 mM K^, based on the change 
in [ 0 ] 2 o 2 during the heating process, the plot of In J 2 
against \jT is interpreted as taking an intermediate 
course, which continuously changes from the course for 
the solution with the double-helix structure to that with 
an aggregation of random coils, on decreasing the 
content of double helices. 
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Fig. 11 Schematic illustration of the change in the hydrogen-bonding 
structure in gellan solution with with change in temperature 



Conclusions 

The hydrogen-bonding behavior and the structural 
change of gellan in solution have been elucidated 
through observation of the change in the hydrogen- 



bonding structure between gellan and water molecules 
by using NMR and CD methods. According to the 
results of the temperature dependence, it has been found 
that 'H 72 for water significantly changes with the 
conformational change of gellan, such as the random 
coil-double helix transition or the formation of aggre- 
gates of gellan molecules, which changes the proton- 
exchange rate between water molecules and hydroxyl 
groups in gellan. 

On the basis of the results, the mechanism for the 
conformational change of gellan with temperature is 
proposed as shown in Fig. 11. 

accelerates the formation of the hydrogen bond 
between gellan molecules by the charge-shielding effect 
and the hydrogen bond reinforces the double helices and 
their aggregates. Moreover, in the presence of high 
concentrations of the hydrogen bond is formed even 
between random coils. By contrast, Ca^^ forms ionic 
bonds between carboxylic acids of gellan in both 
conformations. A portion of the hydrogen bonding 
between gellan molecules is retained even in solutions 
with low concentrations of Ca^^, such as 1 mM, at high 
temperatures where the double-helix structure disap- 
pears. With increasing concentration of Ca^^ , the double 
helix is reinforced by ionic bonding between the double 
helices at high temperatures. It was also concluded that a 
certain amount of the cation is required for the structural 
change of gellan in the case of monovalent cations; on the 
other hand, divalent cations lead to the continuous 
structural change in proportion to the concentration of 
the divalent cations. The 'H T 2 measurement for water is 
a very promising tool to obtain information about the 
hydrogen-bonding behavior accompanying structural 
changes of polysaccharide molecules. 
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Discussion 

Tsutsumi For the system where the chemical exchange of 
water molecules between the sites, bound and free, 
occurs, the difference l/Fip = l/Fi obs ^ 1/^io (dl or 2) is 
expressed as l/Fjp = + where and are 

the relaxation times of free and bound water, respec- 
tively, / is the fraction of bound water and t„i is the time 
constant of the chemical exchange. In this work, how do 
you consider the effects of Fib and on F; This 
question is only for a confirmation of the model. 

Matsukawa As described in the answer to Professor 
Tokita’s question, we consider that the mean residence 
lifetimes are shorter than F 2 in all ranges of the 
temperature, and so Xm ^ Fib, and Fi obs is expressed 
by Eq. (A3). So, Fi obs is affected by Fib but not by the 
change in However, the temperature depencence of 
Ta.obs (Figs. 5-7) is not explained by taking into account 
only the change in F 2 ,b with the conformational change. 
In this case, we considered the effect of the chemical 
exchange between water protons and hydroxyl protons 
of gellan which accompanies the decrease in F 2 ^obs by 
means of the dephasing process which arises from the 
difference of the Larmor precession frequencies in each 
state. Thus, we assumed that the exchange rate between 
the states of free water and bound water is faster than 
the NMR relaxation rates, and that the exchange rate 
between water protons and hydroxyl protons of gellan 
(1/x^, 1/xg) is assumed to be much slower than that 
between the state of free water and bound water and 
is comparable with the difference in the resonance 
frequency, Aco, and so 1/xf, 1/xb »f/x„, f/xg ^ Am. 

Tokita You discuss the motional state of water in gellan 
on the basis of the law values of spin-lattice relaxation 
time and that of spin-spin relaxation time. In the case of 
gellan, we expect the presence of three different types of 
water molecule in the gel: the free bulk water molecule, 
the water molecule that is bound to gellan, and the water 
molecule that is bound to the polymer network of gellan. 
It may be natural to assume that most water molecules 
in the gel are classified as free bulk water molecules in 
the case of dilute systems as suggested by Shinyashiki 
et al. The relaxation time is thus mainly governed by 
that of the free water molecule. In such a case, the 
relaxation rate difference, 1/Fobs ^ 1/Twater, directly 
reflects the effects of gellan [for instance, Woesnar DE, 
Zimmerman JR (1963) J Phys Chem 67: 1590; Swift TJ, 
Connick RE (1962) J Chem Phys 37:307; Lanir A, 
Navon G (1971) Biochemistry 10: 1024]. Is it difficult to 
analyze your data in such a way? 

Matsukawa Generally, a free water molecule and a bound 
water molecule experience different molecular motion, 
but their chemical shift difference is negligibly small. In 
such a case, the observed signal decay is given by [1] 



iA(t) =p/exp(-t/F2f) +Kexp(-t/F{b) > (Al) 

where 

2/F^f= 1 /F 2 ,f+ l/xf+ 1 /F 2 ,b+ 1/xb-R 
2/F^b= 1/T2.f+ 1/Tf+ 1/F2,b+ 1/xb+R 
p/=(l/F£b-l/F2.av)/fi 

K = (l/T2,av-1/F'f)/R , 

with [(1/F2,f+ 1/xf- 1/F2,b- l/xb)V4/xfXb]°-^ 

and 1 /F 2 ,av =Pf/F 2 ,f + Pb/F 2 ,b, where x and p are a 
mean residence lifetime and a fraction, respectively, and 
the subscripts f and b are for free water and bound 
water, respectively. In the present case, we consider that 
the mean residence lifetimes are shorter than F 2 in all 
ranges of the temperature, and so 1/xf, 1/xb » 1 /T 2 ,f, 
1/T2,b- Then, the observed F 2 value (F 2 _obs) becomes an 
averaged value as expressed by 

72, obs = T2,av = 1 /(/’f/72,f + Pb/72,b) • (A3) 

It can be assumed that and F 2 ,b change with the 
conformational change of gellan such as the coil-helix 
transition or the sol-gel transition, and that F 2 ,obs 
changes with such transitions according to Eq. (A3). 
If it is true, F 2 ,obs will show a transitional decrease at the 
transition temperature on cooling and continue the 
decrease with another slop on further cooling. However, 
the temperature dependence shown in Eigs. 5-7 indi- 
cates an increase with decreasing temperature after the 
conformational transition. Therefore, we have to take 
into account another mechanism for F 2 . The effect of 
chemical exchange between water protons and hydroxyl 
protons of gellan causes both the large decrease at the 
transition temperature and the following increase in F 2 . 
By using this consideration, the experimental results are 
explained well as shown in Figs. 8-10. 

Miyoshi We are pleased that our rheological and DSC 
results were in good agreement with your NMR and CD 
results. As you pointed out, the heating DSC curves in 
the presence of sufficient monovalent cations showed 
multiple peaks. Moreover, the thermal scanning rheo- 
logical measurement indicated that for the gellan gum 
systems in the presence of sufficient monovalent cations, 
where two transitions (coil-helix and sol-gel transitions) 
were observed at almost the same temperature on 
cooling (Fig. 7), G" showed more than two steplike 
changes on heating (all data not shown), as in the case of 
the gellan gum solutions with 20 mM CsCl (Fig. 8h). 
These multiple peak temperatures and rheological 
transition temperatures seems to coincide with the 
transition temperatures observed by NMR and CD. 
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Abstract A multinuclear NMR 
study was carried out to study the 
interaction between group I cations 
(Na^, K^, and Rb^) and gellan 
gum. It was found that the NMR 
parameters of and ®^Rb ions 
undergo an abrupt change in the 
vicinity of the sol-gel transition 
temperature. On the other hand, the 
NMR parameters of ^^Na do not 
show any singular behavior. These 
results suggest that and ®^Rb 
ions (so-called gel-forming cations) 
selectively interact with gellan gum. 



Key words Gellan gum • Sol-gel 
transition • Group I cation • Multi- 
nuclear NMR 



Introduction 

Gellan gum is an extracellular polysaccharide produced 
by Pseudomonas elodea composed of tetrasaccharide 
repeating units; 1,3-linked /i-D-glucose, 1,4-linked /1-d- 
glucuronic acid, 1,4-linked /i-D-glucose, and 1,4-linked 
Q(-L-rhamnose (Fig. 1) [1, 2]. It is well known that gellan 
gum forms a thermoreversible gel. Although the gelation 
mechanism has not been fully elucidated, the formation 
of an ordered structure and the subsequent alignment of 
the ordered region is considered to be responsible for 
gelation. 

The sol-gel transition of gellan gum is markedly 
enhanced by the presence of group I cations in solution. 
Group I cations are classified into two classes; nongelling 
cations (Li^ and Na^) and gel-forming cations (K^, 
Rb ^ , and Cs ^ ). For example K-carrageenan is considered 
to form a gel by the same mechanism as that of gellan; a 
conformational transition from a random coil to a double 
helix and the subsequent association of double helices 
to form junction zones. Gelation of K-carrageenan is 
also strongly promoted by group I cations; the typical 



concentrations of Na^ or Li^ required to form a gel are, 
however, greater than 1 M [3, 4]. 

The role of group I cations in the gelation of gellan 
gum aqueous solution and the motional state of cations 
in the vicinity of the sol-gel transition have not been 
clarified. In this study we apply a multinuclear NMR 
technique to investigate the interaction between gellan 
gum and group I cations [5, 6]. 



Experimental 

Sample preparation 

Gellan gum was kindly supplied by San-ei Gen FFI Co. (Osaka, 
Japan) and was used without further purification. NaCl, KCl, 
and RbCl (Wako Pure Chemical Industries, Osaka) were used 
as supplied. The metal contents were analyzed as Na 2.59%, K 
0.009%, Ca 0.02%, and Mg 0.001% in weight in dry matter. The 
NMR samples were directly prepared in 5-mm or 10-mm NMR 
tubes. The powdered gellan was dissolved in salt aqueous solutions 
(H20:D20 = 50:50 in volume) at 70 °C and then the solutions were 
heated to 90 °C to dissolve the gellan completely. The concentra- 
tion of gellan gum was kept at 1.5 g/100 ml. The solutions were 
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Fig. 1 Chemical structure of the repeating unit of gellan gum 



Table 1 Sample specification 



Sample 


NaCl 

(mM) 


KCl 

(mM) 


RbCl 

(mM) 


Gellan 


0 

n 


1 


20 


- 


- 


1.5 g/100 ml 


35 


2 


- 


20 


- 


1.5 g/100 ml 


40 


3 


- 


- 


20 


1.5 g/100 ml 


40 



cooled to 25 °C and were kept at that temperature for 60 min to 
form gels. After gelation was completed, the gels were stored at 
25 °C for 12 h. The compositions of the three samples studied here 
are listed in Table 1. 

Multinuclear NMR 



^^Na, and NMR spectra were obtained with a JEOL 
JNM-LA400 spectrometer equipped with a 9.39 T superconducting 
magnet. The ^^Na, and “^Rb resonance frequencies at this field 
strength were 106, 18.5, and 131 MHz, respectively. The probe 
temperature was changed from 25 to 60 °C with an interval 5.0 °C 
and was kept constant to ±0.5 °C by the passage of thermostated 
air during data accumulation. The temperature was measured with 
a calibrated thermocouple. The spin-spin relaxation time, was 
calculated from the linewidth at half height of the absorption 
spectrum, vjp, according to the following relation. 



Determination of the melting temperature 

The melting temperature of gellan gel was determined by a falling- 
ball method using a 33-mg Teflon ball of 3.2-mm diameter. The 
melting temperature, T^, thus obtained is given in Table. 1 



Results 



Fig. 2. The line shape of the resonance spectra of 
and sharpens markedly with increasing tempera- 

ture, while that of ^^Na is almost independent of 
temperature. The temperature dependence of the NMR 
parameters, the peak area, the spin-spin relaxation time, 
and the chemical shift of these spectra are shown in 
Figs. 3-5. The dotted lines in these figures indicate the 
melting temperature of the gels. It is found from these 
figures that on heating the NMR parameters of and 
®^Rb change abruptly in the vicinity of the melting 
temperature of the gels. During the cooling process, 
these NMR parameters show abrupt changes at almost 
the same temperature as on heating. It is interesting to 
note that ^^Na does not show any sudden change in the 
NMR parameters in the temperature range studied here. 
Almost no thermal hysteresis was observed in the tem- 
perature dependence of the NMR parameters, and this 
may be due to the rapid gelation of gellan gum. 

The motion of the observed nuclei affects the peak 
area and the linewidth of the spectrum [7]. A sharp 
resonance line is obtained when the motion of the 
observed nuclei is fast. On the other hand, the spectrum 
cannot be observed when the motion of the observed 
nuclei is highly restricted. In the intermediate case, a 
broad peak is obtained. Therefore the peak area is 
proportional to the number of mobile ions, and the 
spin-spin relaxation time obtained from the linewidth 
corresponds to that for mobile nuclei. 
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Fig. 4 The temperature depen- 0.1 

dence of the spin-spin re- 
laxation time of ^^Na, 
and 

^ 0.01 



0.001 
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Fig. 5 The temperature dependence of the chemical shift of ^^Na, 



Abrupt changes in the peak area and the spin-spin 
relaxation time of and in the vicinity of the 
melting temperature indicate that the motion of these 
ions are hindered in the gel state, while they are mobile 
above the sol-gel transition temperature. On the other 
hand, the Na ion does not show any singular behavior, 
though the NMR parameters of the Na ion are slightly 
different from those obtained from NaCl aqueous 
solution. These observations indicate that the Na ion 
is almost free to move even in the gel state, and its 
behavior is almost the same as the Na ion of aqueous 
solution over the whole temperature range studied here. 

The chemical shift reflects the magnetic environment 
of the observed nuclei. The results shown in Fig. 4 
indicate that the magnetic environment of the K and Rb 
ions changes abruptly in the vicinity of the sol-gel 
transition temperature. In contrast, the chemical shift of 
the Na ion does not show any sudden change and was 
almost the same as that obtained from NaCl aqueous 
solution. These results indicate that the environment of K 
and Rb ions surrounded by gellan and water molecules is 
different between the gel state and the sol state, and that 
of the Na ion does not differ between the two states. 



Discussion 

Many studies reported in the literature attest to the 
sensitivity of group I cations as probes of the local 
environment [8-17]. Group I cations have a quadrupole 
moment, eQ, whose interaction with local electric field 
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gradients, EFG = eq, defined in terms of the coupling 
constant, / = e^qQjh, dominates relaxation. Ideally, in 
solution under extreme narrowing conditions the quad- 
rupole relaxation time Tq(= Ti = J 2 ) is given by 

■ ( 2 ) 

Av is the linewidth, Tc is a correlation time that 
characterizes fluctuations in the EFG, and a zero 
asymmetry parameter is assumed. It is evident that the 
relaxation depends on the strength of the interaction 
defined by x and on In aqueous solutions, changes in 
linewidth and chemical shift a, in large measure reflect 
changes in the bond between cations and water through 
ionic bonding, covalent bonding, or a change in the 
degree of hydration. Templeman and van Geet [12] 
concluded that the presence of CF will not dominate 
relaxation even if it is occasionally in close contact 
with the Na^ ion. It is doubtful if extreme narrowing 
conditions are strictly applicable in these systems [17-20] 
and interpretation is more complicated, for example, 
relaxation may be non-exponential. Nor is any account 
taken of multiple quantum transitions [21-23]. 

The preliminary discussions given here noted the 
sensitivity of the cation to its immediate environment by 
virtue of quadrupolar interactions with the local EFG. 
Peak area, linewidth, and chemical shift data were 
recorded over a modest range of temperature (25- 
60 °C). As is typical for group I cations in aqueous 
solutions, a single line is observed (Fig. 2). At temper- 
atures above the melting point, the cations are fully 
hydrated and experience a reasonably symmetric EFG 
with the result that the linewidths are small and the 
chemical shifts are almost the same as those in aqueous 
solutions at comparable temperatures. It is important to 
note, however, that the linewidths at temperatures above 
the melting points are still appreciably greater than Av 
for aqueous electrolytes at comparable temperatures 
(Fig. 4). This indicates that cations still sense the gellan 
matrix even in the sol state. 

In macromolecular systems, rapid exchange between 
relatively free and bound sites often occurs, and this 
situation is described by the expressions 
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Avobs = i’bAvb + PfAvf (3) 

f^obs — (4) 

where the subscripts f and b denote the free and bound 
states, respectively. P signifies the mole fraction in each 
state, and Pf + Pb = 1- The use of these expressions 
in the subsequent analysis gives useful insight into the 
behavior of group I cations, but only in a semiquantitative 
manner. 

The decomposed spectra of Na, K, and Rb in 
samples 1, 2, and 3 at 20 °C, at the melting temperature, 
and at 70 °C are shown in Fig. 6. The ^^Na NMR line 
from gellan reveals that the molecular motion of ^^Na is 
isotropic and rapid enough to average the quadrupole 
interaction to zero. A single line constituting 100% 
of the total intensity is observed in the temperature 
range studied here. On the other hand, the and *^Rb 
resonances can be reproduced well by fitting two 
Lorentzian peaks. The temperature dependence of peak 
area which corresponds to P, and the chemical shift of 
the spectra of the heating process are shown in Figs. 7 
and 8, respectively. It is found from these figures thaf the 
NMR parameters of and ^^Rb change abruptly in 
the vicinity of the melting temperature of the gels. A 
sudden increase in the portions of short-lived binding 
ions was observed for and *^Rb. It is interesting to 
note that ^^Na does not show any sudden change in 
these NMR parameters over the temperature range 
studied here. These results indicate that some of the 
cations in each sample may be involved in long-lived 
binding to well-defined sifes on the gellan molecules 
while others are relatively free. The relaxation rate of a 
long-lived binding ion is signihcantly greater than that 
of a short-lived one. The chemical shift responded in 
a similar manner. The states are presumed to be in 
equilibrium through rapid exchange except in the gel 
state. In the gel state the cation environment becomes 



distorted, leading to increases in the long-lived species 
values of both Av and cr. Therefore, the dramatic 
changes in the observed values of the NMR parameters 
seen in Figs. 7 and 8 are due to the fact that in Eqs. (3) 
and (4) both and Avb are changed. 

It is interesting to note that the Na ion is almost free 
to move even in the gel state, and its behavior is almost 
the same as the Na ion of aqueous solution over the 
whole temperature range studied here. 
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Fig. 6 Decomposed spectra of 
^^Na, ^‘’K, and at 20, at 
the melting temperature (T^), 
and at 70 °C. Broken curves 
represent the simulated peaks 
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The experimental results obtained here are reasonably 
interpreted in terms of the difference in the interaction 
between cations and gellan gum. Gellan gum is assumed 
to form interchain helices in the sol state. Cation- 
mediated further growth of the helix regions causes the 
side-by-side alignment of rodlike domains (junction 
zones), and eventually gelation occurs [24-26]. The line 
shape of and *^Rb would become broad when 
gelation occurs because of the restriction of the molec- 
ular motion of the ions caused by the formation of 
junction zones. In the case of gelation in the presence of 
Na ions, a new contracting force should be present for 
the formation of junction zones. Hydrogen bonding may 
be a natural choice for a new contracting force. Further 
discussion, however, is difficult at present. 

The melting temperature determined by the falling- 
ball method indicates the disappearance of the infinite 
network. The infinite network disappears when the most 
stable cross-linking points melt. Suppose the interaction 
between cations and gellan gum can be expressed by 
some function of EjkT, where k is the Boltzmann 
constant, and the melting temperature of the gel, T^, 
is determined by the temperature at which EjkT^ = 1. 



Hence the melting temperature of the gel and the 
stability of the cross-linking points are related to 
the selective binding of cations to gellan gum [27]. The 
melting temperatures listed in Table 1 agree with 
the temperatures at which the NMR parameters of 
and **^Rb show an abrupt change. 



Conclusion 

The temperature change of the NMR parameters of 
group I cations in gellan gum solution clearly indicates 
the selective interaction between group I cations and 
gellan gum. The difference in the selective interaction 
among so-called gel-forming cations and ®^Rb) can 
be demonstrated by the multinuclear NMR resonance 
technique. 
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Discussion 

Tsutsumi The NMR spectral intensity is strongly 
affected by the pulse separation tp when the latter is 
not long enough. Was tp taken to be longer than 5 x Ti 
at each temperature? 

Annaka The pulse separation, tp was taken to be at least 
5 times longer than Tx at each temperature. 

Tsutsumi Is there any consideration of the opposite 
temperature dependence of the chemical shift at lower 
and higher temperatures? 



Annaka We cannot explain the opposite temperature 
dependencies of the chemical shift at lower and higher 
temperatures now. It is interesting to note that this is a 
generally observed phenomena for any of the metal ions 
observed in this study. 

Tsutsumi The fractions of the free (Ff) and bound (Fb) 
metal ions were estimated from the spectral decompo- 
sition. In this case, did you take into account the effects 
of intensity loss especially below Tg? 

Watanabe The data in this manuscript show an inter- 
esting result on the behavior of a monovalent cation in 






30 



gellan gum aqueous systems. I think the observation is 
difhcuit to expiain oniy from the present data. In Fig. 3, 
the authors showed the normaiized peak areas of an 
aqueous soiution at different temperatures. I cannot 
understand why the normaiized peak area (not peak 
intensity) decreases with increasing temperature ai- 
though the concentration of the cation is constant. If 
there is any problem in the measurements, it is better to 
correct the normaiized peak area for heating and cooiing 
process by renormaiizing with the peak area of the 
aqueous soiution. A simiiar discussion is vaiid for Fig. 7. 
Do you agree? 

Watanabe Equations (3) and (4) show an expected 
iinewidth and a chemicai shift in the case of rapid 
exchange. The authors say in the foiiowing paragraph 
that these equations provide usefui insight. Actuaiiy, 
however, in the subsequent anaiysis the authors per- 
formed signai deconvoiution based on the on-exchange 
case and never discussed the rapid exchange behavior; 
the authors contradict themseives. In many cases 
alkaline cations in polymer solutions show rapid 
exchange, as mentioned by the authors. I would like to 
ask you which type of exchange occurred in the gellan 
gum case, and how many types of cationic species exist 
in the system? For example, in Fig. 8 (K and Rb cases), 
the chemical shift of the free ion changes from that of 



aqueous solution in the lower temperature range. This 
means “free ion” in the temperature range T <T^ and 
“free ion” for T > T^a are different species or are in 
different environmental conditions. What do you mean 
by saying “free state” and “bound state”? 

Annaka We cannot provide any plausible explanation 
for the observed phenomena at this moment. One of the 
authors (M.T.) has also observed a similar tendency for 
a change in the peak area of alkali metal ions in a 
multinuclear NMR study on carrageenan. We agree 
with the proposed correction of the NMR data. In the 
latest version of the manuscript, we answer the questions 
as follows. The resnlts indicate that some of the cations 
in each sample may be involved in long-lived binding to 
well-defined sites on the gellan molecules while others 
are relatively free. The relaxation rate of a long-lived 
binding ion is significantly greater than that of a short- 
lived one. The chemical shift responds in a similar 
manner. The states are presumed to be in equilibrium 
through rapid exchange except in the gel state. In the gel 
state the cation environment becomes distorted, leading 
to increases in the long-lived species values of both Av 
and crs. Therefore, the dramatic changes in the observed 
values of the NMR parameters seen in Figs. 7 and 8 are 
due to the fact that in Eqs. (3) and (4) both Fb and Avb 
are changed. 
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Abstract Electron spin resonance 
spectra of the paramagnetic Mn(II) 
ion were measured as a function of 
its concentration, [Mn],, in aqueous 
solutions of sodium-type gellan gum 
prepared to have a very low content 
of divalent metal cations, Ca^^ 

(0.02 wt%) and Mg^+ (0.001 wt%). 
In the solution without gellan, the 
spectrum is composed of six sharp 
lines and gives the signal intensity 
directly proportional to [Mn],. In the 
presence of gellan at concentrations, 
[G], of 1-10 mM, the solutions 
showed three states with increasing 
of [Mn],, a fluid sol, a viscous sol 
and a gel, where the signal intensity 
increases similarly to the solution 
without gellan (step A), remains 
constant (step B) and again increases 
linearly (step C), respectively. In 
steps B and C a remarkable intensity 
loss of the signal and a distortion of 
the line shape occurred. It was found 
that the spectra in steps B and C are 
decomposed into two components. 



one being quite similar to the signal 
in solution without gellan and the 
other having a broad component 
with no fine splittings. Spectral sim- 
ulation assuming the solvent fluctu- 
ation model indicated that in gellan 
solution there are three types of 
Mn(II) ions with different mobilities; 
free, as in pure water, intermediately 
restricted, showing only a broad 
signal [MnjjR, and strongly restrict- 
ed, with no signal due to the extreme 
broadening [MnjsR. [MnJiR and 
[MnjsR do not appear in step A, 
increase linearly in step B, and 
remain constant in step C. The ratio 
[Mn]sR/[Mn]iR is 0.3 and is inde- 
pendent of [G]. These phenomena 
are discussed in terms of changes in 
conformation and aggregation states 
of the molecules. 

Key words Gellan gum • Aqueous 
solution • Mn(II)-induced sol-gel 
transition • Electron spin 
resonance • Line shape analysis 



Introduction 

It is known that gelation of aqueous solutions of gellan 
gum is promoted by the presence of cations, especially 
divalent metal cations such as Ca^^ and Mg^^. The 
gelation temperature is greatly increased, and strong 
stable gels are formed at high metal concentrations [1,2]. 
It is considered that divalent cations bind to the 
carboxyl groups of the glucuronic acid units and form 
a complex, leading to stable intermolecular association 



or a cross-linking structure; however, the detailed 
mechanism has not been clarihed. It is of interest to 
observe directly the behavior of metal ions interacting 
with gellan. Previously we reported the interactions of 
Mn(II) ions with potassium- and sodium-type gellan gels 
investigated by electron spin resonance (ESR) measure- 
ments [3, 4]. In this work, to obtain further information 
on the interactions of divalent cations with gellan, ESR 
measurements of the Mn(II) ion were carried out using 
a sodium-type gellan sample from which the divalent 
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cations and had almost been completely 

removed. The ESR spectra were taken as a function of 
the metal ion concentration in the gellan solution, which 
is initially in the random-coil sol state. The line shape of 
the spectra was simulated using theory on the dynamics 
of Mn(II) ions in aqueous solution [5, 6]. 



Experimental 

The gellan sample used was supplied by San-Ei-Gen F.F.I., Osaka, 
Japan. The content of metal ions was as follows: Na 2.59%, 
K 0.009%, Ca 0.02% and Mg 0.001%. MnCl2'4H20 was 
purchased from Wako Pure Chemical Industries (Osaka, Japan). 
The powdered gellan was mixed with distilled water containing 
a predetermined amount of MnCb ■ 4 H 2 O and stirred at 40 °C 
for 12 h, at 70 °C for 2 h and at 90 °C for 1 h to obtain a 
homogeneous solution. The gellan concentration, [G], was adjusted 
to 1-10 mM and the Mn(II) concentration [Mn], to 0.2-3. 5 mM. 
The solution was introduced into a quartz capillary tube with a 
diameter of 0.3 mm and the tube was sealed for the ESR 
measurements. 

ESR spectra of Mn(II) ions were taken with a JEOL FEX-IXG 
(Japan Electron Optical Laboratory Co.), operating at a micro- 
wave frequency of 9.25 GHz and a power of 1-5 mW, causing no 
saturation effects. The 100-kHz field modulation width was 5- 
6.3 G. The signal intensity was defined in two ways: the average 
peak height, /, of the six derivative lines [3, 4]; and the area, S, 
of the integrated spectra. Both of these were expressed in units of 
the spectral peak height or integrated intensity of diphenyl- 
picrylhydrazyl (DPPH) as the external reference. The temperature 
used was 30 °C. 



Results and discussion 

Derivative ESR spectra for aqueous 1 mM Mn(II) 
solutions at 30 °C without and with gellan (3 mM) are 
shown in Eig. 1. The signal intensity relative to DPPH 
is considerably reduced by the presence of gellan, as 
found in previous studies [3, 4]. In Fig. la, the peak-to- 
peak intensity, /, is larger for inner lines than for outer 
lines; however, in Fig. lb, each line has a similar I. A 
plot of the peak-to-peak line width, IV, against [Mn], 
for the fourth line from the lower-field side is shown in 
Fig. 2. W remains constant at 21 G, which is similar to 
that with no gellan and is independent of [G]. These 
facts may indicate that the observed spectrum consists 
of two components, one of them being the spectrum 
without gellan. An example of the spectral decompo- 
sition for the solution with [Mn], = 2 mM and 
[G] = 7 mM is shown in Fig. 3. It was found that 
the observed spectrum consists of the six-line spectrum 
without gellan and a broad spectrum with no fine 
structure. 

It has been reported that the ESR line shape of 
aqueous Mn(II) is affected by 

1. Dipole-dipole interactions between Mn(II) ions. 

2. Spin-exchange interactions. 





Fig. 1 Electron spin resonance (ESR) spectra of 1 mM Mn(II) 
aqueous solution a without and b with 3 mM gellan. The signal 
intensity of diphenylpicrylhydrazyl (DPPH) is also indicated 




Fig. 2 Plot of peak-to-peak linewidth, W, versus [Mn], for aqueous 
Mn(II) solution with 3 mM gellan gum 



3. A rapid distortion of the Mn(II) octahedral complex 
structure caused by the solvent (water) fluctuation. 

Cases 1 and 2 are important at [Mn], >100 mM and 
[Mn], > 2.5 M, respectively, neither of which lie within 
the range of the present experimental conditions; 
[Mn], = 0.2-3. 5 mM. Therefore, we assume case 3 to 
be a possible molecular mechanism. In this case, the 
linewidth is proportional to the factor r/(l + m^t^), where 
T is the correlation time of the water molecule and a> the 
resonance angular frequency of the electron spin. Com- 
puter simulations of ESR spectra were made on the basis 
of the detailed theory of Broenbergen and Morgan [5] and 
Garret and Morgan [6]. The dependence of the spectra on 
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Observed spectrum 





Fig. 3 Decomposition of the ESR spectra of 1 mM Mn(II) aqueous 
solution with 3 mM gellan. Upper: observed spectrum: Lower: 
decomposed spectrum 



T is shown in Fig. 4. The spectrum in Fig. 4a with the 
correlation time T = 10”*^ s = tq is quite similar to that 
of the solution without gellan at 30 °C (Fig. la). The line 
shape changes pronouncedly with an increase in r. The 
spectrum in Fig. 4b with x = 2 Tq is similar to that 
obtained in the presence of gellan (Fig. lb). At x = 3 xq, 
the fine structure begins to disappear and at x = 10 xq, 
the spectrum becomes broad, with no fine structure, like 
the decomposed spectrum in Fig. 3. For x > 30 xq, 
apparently, no signal appears owing to the extreme 
broadening. Furthermore, it is shown in Fig. 5 that the 
peak-to-peak width increases with an increase in x. 

These results indicate that the spectrum observed for 
Mn(II) in the presence of gellan is composed of three 
spectra for different x; x = 10”*^ s in free water, 
X ci 10^" s in intermediately restricted water and 
X > 3 X 10“" s in strongly restricted water, showing no 
ESR signal. The concentration of each component is 
denoted as [Mn]f, [Mn]iR and [Mn]sR, respectively. If we 
define the average peak-to-peak intensities of the six-line 
spectra with and without gellan as / and /q, respectively, 
and the integrated intensities with and without gellan as S 
and Sq, respectively, the concentration of each compo- 
nent is estimated as follows. Peak-to-peak intensities give 

[Mn]f=[Mn],(///o) (1) 

and 

[Mn]R = [Mn],{l-(///o)} , (2) 

where [Mu]r is the sum of [Mn]sR and [Mn]iR and is the 
total amount of restricted Mn(II). Integral intensities 
give 

[Mn]f+[Mn],R=[Mn]/5/5o) (3) 



(a) To 






Fig. 4 Calculated spectra for correlation times of tq, 2tq, 3to and IOto, 
where tq = 10^" s 



(c) (b) (a) 




Fig. 5 Expansion of the fourth peak of the spectra in Fig. 4 from 
lower field (leftside) 



and 

[Mn]sR=[MnUl-(5/5o)} . (4) 

In Fig. 6, the Mn(II) considerations which are obtained 
directly from the peak-to-peak intensities, [Mn]f and 
[MuJr, are plotted against [Mn], for [G] = 3 mM. [Mn]f 
increases by way of three steps denoted as A, B and C. In 
step A, [Mn], = 0.0-0. 4 mM, and step C, [Mn], > 
1.3 mM, [Mn]f increases monotonically, whereas in step 
B, [Mn], = 0.4-1. 3 mM, [Mn]f maintains a nearly 
constant value of 0.35 mM. On the other hand, [Mu]r 
is nearly zero in step A, increases linearly in step B (with 
[Mu]r = [Mn]i - 0.4 mM) and remains constant in step 
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Fig. 7 Plot of [Mn]f, [Mn]|R and [Mn]sR versus [Mn]t at [G] = 3 mM 



C. These effects were observed at all gellan concentra- 
tions used in this work. We obtain the relations 
[Mu]r = 0.32[G] in step C and the range of [Mn], 
0.4 mM-0.34[G] for step B. 

The solutions are freely mobile in step A, slightly 
viscous in step B and essentially in the gel state in step C. 
These observations are quite similar to the previous 
report and suggest, therefore, that the [Mn]f-[Mn], (and 
[Mn]R-[Mn],) curves reflect different states of the 
solution. NMR spectroscopic studies showed that 
in step A, Mn(II) ions undergo fast exchange selectively 
between carboxyl groups of gellan gum and free water 
[2], and therefore play the role of screening electrostatic 
interactions between carboxyl polymer anions, causing 
the conformational change from random coil to double 
helix. In step B, association of double helices occurs, 
since the viscosity of the solutions increases proportion- 
ally to the Mn(II) ion concentration. It is considered that 
[MuJr indicates the amount of Mn(II) forming the 
complex with double helices. At the beginning of step C, 
association has reached completion and no further 
increase in [Mu]r occurs. 

[Mn]iR and [MnjsR obtained from integral intensities 
for [G] = 3 mM are plotted against [Mn], in Fig. 7. 
They increase linearly in step B and remain nearly 
constant in step C. Similar results were obtained for 
other gellan concentrations. It was found in step C (gel 
state) the values of [Mu]ir and [Mu]sr are determined 



by [G] with the relations 




[Mn]iR 0.25[G] 


(5) 


and 




[Mn]sR 0.08 [G] . 


(6) 



Furthermore, it is of interest that the ratio R = 
[Mn]sR/[Mn]iR has a constant value of about 0.3 
independent of the gellan concentration in both steps 
B and C. It is suggested that these relations reflect the 
structures of the aggregates and the number of double 
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[Mn] SR 



[Mn]f 




a b 
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Fig. 8 Schematic representation of [Mn]f, [Mn],R and [Mn]sR versus 
[Mn]f a: [Mn], = 0.4 mM; h: [Mn], = 0.3 [G] 



helices in side-by-side linkages. If we assume that 
[Mn]sR and [Mn]iR represent the amounts of Mn(II) 
restricted in the inner part and the outer part (surface), 
respectively, the constant value of R indicates that the 
size of the aggregates is constant in steps B and C and 
is independent of [G]. The Dependences of [Mn]f, 
[Mn]iR and [Mn]sR on [Mn], are shown schematically 
in Fig. 8. 

As a conclusion, ESR spectra of Mn(II) ions gave 
detailed information on the state of gellan gum aqueous 
solution through the dynamical behavior of water. It 
seems especially worthwhile to perform a more detailed 
study on the size of aggregation. Further discussion will 
be made in connection with information from other 
methods such as Small-angle X-ray diffraction and so on. 
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Discussion 

Watanabe I basically agree with your data analysis for 
the ESR spectra of the Mn ion as an overlap of three 
components. Your simulation was done, however, under 
the assumption that the ligand field around the Mn ion 
is created by six water molecules and its symmetry is 
octahedral (i.e., spherical) averaged with different fluc- 
tuating frequency. Do you think the carboxylic group 
(COO-) does not directly coordinate to the Mn ion, but 
indirectly through water molecules? How do you image 
the Mn species, [Mn]iR and [Mn]sR, which you assigned 
to signal d in Fig. 4 and a very broad unobservable 
signal, respectively. Is it possible to assign the opposite? 

I think Mn ions are coordinated by COO- in the same 
manner as Ca^^ ions. You should take into account the 
coordination of COO-, i.e., the anisotropy of the ligand 
field in your simulation. According to my experience, the 
COO- coordination conld produce similar ESR spectra as 
signal d in Fig. 4 and/or a very broad undetectable signal, 
depending on the anisotropy of the fine structure term, 
SDS, and on the fluctnation of the ligand field by mobility. 

Tsutsumi In previous reports on aqueous solutions of 
gellan gum [3,4], [Mn]f was estimated from the peak-to- 
peak intensity of the sharp six-line spectrum and the 
difference in the presence of gellan gum, [Mu]r = 
[Mn], - [Mn]f, was attributed to the Mn^^ bound to - 
COO-. This selective interaction of Mn^^ with -COO- 
has been clearly observed in ’^C NMR measurements 
[4]. Figure 6 is the result of a similar analysis applied to 
the ESR spectra obtained in this work; however, further 
detailed line-shape analysis was tried in this work. As a 
result, it was found that the experimental spectrum is 
decomposed into a broader one and a sharp six-line one 
(Fig. 3): the peak width of each six-line spectrum is 
independent of the Mn^^ concentration (Fig. 2), and 
not only the peak intensity, but also the integrated 
intensity is reduced in the presence of gellan. Therefore, 
it is a clear experimental fact that there exist three types 
of Mn^^ in the aqueous solution of gellan: 

1. Mn^^ similar as in [G] = 0 aqueous solution, [Mn]f. 

2. Mn^^ giving the broader spectrum, [Mn]jR. 

3. Mn^^ apparently showing no signal, [Mn]sR. 

Two factors affecting the line shape of Mn^^ may be 
considered in the present experimental condition, one 



being the anisotropy of the ligand field affected by the 
coordination to -COO- (the former) and the other being 
the rapid fluctuation of the octahedral structure by 
surrounding solvent (water) molecules (the latter). 
Although the former should also be taken into account 
in the spectral simulation, the results assuming only the 
latter are shown here. Simulation using the former 
model will be tried in near future. However, it is an 
experimental fact which does not depend on the 
simulation model that [Mn]R is composed of [Mn]jR 
and [Mn]sR. 

Watanabe The authors explained that only free Mn ion 
exists in phase A. As shown in Fig. 3, the broader signal 
in the decomposed spectra only has a very small 
intensity at the fourth peaks of free Mn even in solutions 
with 1 mM Mn. The Mn concentration in phase A is less 
than 0.3 mM and then a very very tiny signal appeared 
at the fourth peaks. I think such a small intensity cannot 
differentiate from the simulation correctly. Nobody can 
say [Mn]R = 0. Did you check the difference of the 
signal intensity at the first or the sixth line? I guess that 
the peak intensity of the outer two lines is affected by 
signal d more than that of the fourth line. It is not 
necessary to differentiate between phase A and phase B. 
Discontinuity is not unusual based on the concept of the 
coordination chemistry in solution. 

Tsutsumi Below 0.3 mM [Mn], (step A), the peak 
intensity, line shape and integral intensity of the sharp 
six-line spectrum are same as those in [G] = 0 solution 
within experimental error. It was confirmed by several 
trials at each [G] that [Mn]R (=[Mn]jR + [Mn]sR) is 
extremely small in step A and increases rapidly in step B. 

E.R. Morris What is the likely experimental error in 
the [Mn]sR and [Mn]jR values in Fig. 7? Could both 
be around 0.5 mM (i.e. one-third stoichiometric) in 
region C. 

Tsutsumi Experimental error is considered to be ±0.1 
mM. Certainly, data points at step C in Fig. 7 are 
somewhat scattered, and [Mn]jR and [Mn]sR seem to 
approach to a valne of 0.5 mM. However, taking into 
account of results obtained at other concentrations [G] 
measured, we consider that [Mn]iR is approximately 3 
times larger in average than [Mn]sR in step C, although 
this ratio is 2 at [G] = 3 mM in Fig. 7. 
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Abstract In order to make clear the 
dynamics of water related to the coil- 
helix and the sol-gel transitions in 
aqueous solutions of gellan gum, 
dielectric relaxation measurements of 
2.5 and 5.0 wt% gellan gum aqueous 
solutions in the temperature range 
between 2.5 and 52.5 °C were per- 
formed over a frequency range from 
30 Hz to 10 GHz using time-domain 
reflectometry. The dielectric relax- 
ation peak of water is observed 
around 10 GHz, and the relaxation 



curve is well described by the Cole- 
Cole equation. The parameter for the 
symmetric distribution of the relax- 
ation time, p, shows different tem- 
perature dependences below and 
above the coil-helix and sol-gel 
transitions. The conformation of gel- 
lan gum molecules affects the varia- 
tion of the local structure of water. 

Key words Dielectric relaxation • 
Gellan gum • Water • Coil-helix 
transition • Sol-gel transition 



Introduction 

Gellan gum is a microbial polysaccharide derived from 
Pseudomonas elodea. It consists of a tetrasaccharide 
unit, /1-D-glucose, /1-D-glucuronic acid, /1-D-glucose, and 
a-L-rhamnose, which contains a carboxyl group [1, 2]. 
It has been reported that gellan gum in aqueous solution 
exhibits two structural transitions [3] as shown in Fig. 1. 
One is the coil-helix transition, which is the confor- 
mational transition of the gellan gum chain from the 
disordered coil state in the high-temperature region to 
the ordered double-helix state in an intermediate- 
temperature region. Another is the sol-gel transition, 
which exhibits the macroscopic transition from the 
solution in the intermediate-temperature region to the 
gel in the lower-temperature region. This transition is 
due to subsequent lateral association of ordered double 
helices to form the gel network. 

Microwave dielectric measurements have been used 
to examine the dynamics of water in mixtures with 
polymers and biopolymers [4-7]. Water in the water- 
biopolymer mixtures shows two relaxation processes. 
The relaxation peak of bulk water was observed around 



10 GHz. Another relaxation process observed around 
10-100 MHz is considered lo be due lo bound wafer, 
which is strongly bound to biopolymers [4-6]. On the 
other hand, water in the polymer-water mixtures shows 
one relaxation peak [7]. The relaxation curve shows 
symmetric broadening and it can be described well by 
the Cole-Cole equation [8]. The relaxation peak shifts to 
lower frequencies and the distribution of the relaxation 
time broadens with increasing polymer concentration. 
The symmetrical distribution of the relaxation time is 
attributed to the variation of the water structure caused 
by the polymer chain. 

Dielectric measurements have been employed to 
determine the dynamics of water in gellan gum-water 
mixtures in the frequency range from 1 MHz to 10 GHz. 
According to the previous dielectric measurement of a 
gellan gum (NaGG-2)-water mixture [9], two relaxation 
processes due to the bulk and bound water were 
observed similarly to that for the biopolymer-water 
mixtures. The previous work suggested that the relax- 
ation process of bulk water is not affected by the sol-gel 
transition of gellan gum, and that the relaxation strength 
of the bound water shows a drastic change. However, 
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Fig. 1 Schematic representation of the predicted model for the 
conformation of gellan gum 
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the frequency range measured in the previous work was 
too narrow to clarify the contribution of dielectric 
properties at lower frequency. In this work, we tried to 
detect the change in the relaxation process of bulk water 
accompanying the structural transition of gellan gum. 
Furthermore, dielectric measurements in the lower- 
frequency region down to 30 Hz were made to examine 
the existence of bound water in the gellan gum-water 
mixtures. 



Experimental 



The sample of gellan gum used was NaGG-3, which is a purified 
sodium-type gellan gum prepared for the collaborative studies, and 
was supplied by San-Ei Gen F. F. I. The content of the inorganic 
ions is shown in Table 1. No further purification was performed 
before use. In this work, 2.5 and 5.0 wt% gellan gum aqueous 
solutions were prepared as follows. The powdered sample was 
dispersed in three-times deionized and distilled water, and the 
solution was kept at 40 °C for 1 day. Next, it was heated at 70 °C 
for 2 h with stirring, and then at 90 °C for 1 h with stirring. The 
sample was then kept at 70 °C for about 12 h before each dielectric 
measurement, to avoid the formation of a gel. 

According to the rheological and differential scanning calori- 
metry (DSC) studies of NaGG-3 by Miyoshi and Nishinari [9], the 
coil-helix transition temperature, Tch. for an aqueous solution of 
gellan gum at a concentration of 2.5 wt% is 37.5 °C and the sol-gel 
transition temperature, T^g, is 25.5 °C. Therefore, 2.5 wt% gellan 
gum aqueous solution was used to examine the dynamics of water 
in the three different states of gellan gum. A 5.0 wt% gellan gum 
aqueous solution was mainly used to allow comparison with 
previous results [10] from dielectric measurements in the lower- 
frequency region concerned with the relaxation process of bound 
water. 

Time-domain reflectometry (TDR) [11, 12] was employed to 
measure complex permittivities. A block diagram of the TDR 



Table 1 Contents of inorganic ions in gellan gum (NaGG-3) 



Sample 


(%) 


Na"^ 


2.59 


K'" 


0.009 


Ca^^ 


0.02 


Mg"-" 


0.001 



Fig. 2 The block diagram of the time-domain reflectometry (TDR) 
system 



system is shown in Fig. 2. An incident step pulse with a rise time of 
35 ps and a height of 200 mV generated by a pulse generator in a 
digitizing oscilloscope four-channel test set (HP54124T) passes 
through a coaxial line to a sample cell, and its reflection from the 
cell is measured at the test set. The reflected pulse is recorded and 
digitized by a digitizing oscilloscope mainframe (HP54120B). A cell 
with an appropriate electric length is chosen according to the 
complex permittivities concerned. Two kinds of sample cell were 
used in this work: a cell with a geometric cell length, d, and an 
electric cell length, yd, of 0 and 0.15 mm, respectively, was used for 
measurement in the frequency range 30 MFIz-10 GHz, and a cell 
with d = l.O mm and yd = 1.5 mm was used for measurements in 
the frequency range 30 Hz-1 GHz. The reflected pulse from the 
unknown sample, 7?x(0> in the time domain and that from the 
standard sample, Rs(t), are related to the complex permittivity of 
the unknown sample, ex(<n), by 




where 

/o°°[-^s(t) - -^x(t)] exp[-jmt]dt 
^ /o”['^s(t) + ■^x(t)] exp[- 7 cot]dt 



/x = Zx cotZx, Zx = y^ExM 
and 

/s = Zs cotZs, Zs = y^E^(co) , 

where f = -1, co is the angular frequency, c is the speed of 
propagation in vacuo, and £s(co) is the permittivity of the standard 
sample. In this work, pure water was used as the standard sample. 

Dielectric measurements were performed in the frequency range 
from 30 Hz to 10 GHz, in the temperature range from 50 to 20 °C 
for a 2.5 wt% gellan gum aqueous solution, and from 60 to 40 °C 
for a 5.0 wt% gellan gum aqueous solution. Furthermore, in order 
to examine the relation between the relaxation process of bulk 
water and the two kinds of structural transition of gellan gum, 
dielectric measurements of 2.5 wt% gellan gum aqueous solution 
were performed in the frequency range from 100 MHz to 10 GHz, 
in the temperature range from 52.5 to 2.5 °C. 
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Results 



Dielectric dispersion and absorption curves of 2.5 wt% 
gellan gum aqueous solution at 20 °C in the frequency 
range from 100 Hz to 10 GHz are shown in Fig. 3. One 
relaxation peak was observed at about 10 GHz. In the 
frequency range lower than 1 GHz, both e' and e" 
increase with decreasing frequency. This can be attrib- 
uted to electrode polarization by conductive ions. We 
did not observe any relaxation peak around 100 MHz. 
Previous dielectric measurements of NaGG-2 aqueous 
solutions suggested the existence of a relaxation process 
for bound water, although the difference in the cation 
contents of gellan-2 and gellan-3 makes it more difficult 
to judge the existence of bound water. The most 
important factor for the different results is the difference 
in the frequency range of the dielectric measurements. 
The frequency range used in the previous dielectric 
measurements (down to 1 MHz) was too narrow to 
allow the contribution of electrode polarization to be 
determined. Figure 3 clearly shows the existence of 
electrode polarization in the lower-frequency region, 
and the high-frequency wing of the polarization extends 
to the frequency range up to 1 GHz; therefore, the 
relaxation peak that was assigned to the bound water is 
probably due to the high-frequency wing of the electrode 
polarization. 

Dielectric dispersion and absorption curves of 
2.5 wt% gellan gum aqueous solutions at various 
temperatures in the frequency range 100 MHz-10 GHz 
are shown in Fig. 4. One relaxation peak was observed 
at each temperature. The curves above 1 GHz can be 
described well by the Cole-Cole equation [8], 






Ae 



1 + {jwxy 



r + £o 



( 3 ) 



where £*(m) is the complex permittivity, Ae is the relax- 
ation strength, t is the relaxation time, m is the angular 
frequency, /i (0 < /i < 1) is the parameter for the 
symmetric distribution of the relaxation curve, and Eqo 



is the limiting high-frequency permittivity. The relax- 
ation peak can be attributed to the reorientation of 
water molecules, judging from the relaxation time and 
the relaxation strength. 

Plots of Ae and log t against the reciprocal of 
absolute temperature are shown in Fig. 5, and plots 
of P against temperature are shown in Fig. 6. The dotted 




Fig. 4 Dielectric dispersion and absorption curves for 2.5 wt% gellan 
gum aqueous solution at various temperatures. The solid curves were 
calculated using Eq. 3 




1000/T (K ') 

Fig. 5 Temperature dependence of Ae and logr for 2.5 wt% gellan 
gum aqueous solution. The dashed lines are Ae and logr for pure 
water. Teh is the coil-helix transition temperature and is the sol-gel 
transition temperature 




Fig. 3 Dielectric dispersion and absorption curves for 2.5 wt% gellan 
gum aqueous solution at 20 °C 




Fig. 6 Temperature dependence of p for gellan gum aqueous 
solution. The dashed line is p for pure water 
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lines shown in the figures are the transition tempera- 
tures, and determined by the rheology and DSC 
studies [9]. The dashed lines show the values of the 
parameters for the relaxation of pure water. The 
relaxation strength of water observed for the aqueous 
solution of gellan gum is smaller than that of pure water. 
The values of log x deviate from those of pure water in 
the temperature range where the gellan gum is in the 
disordered coil state. Figure 6 shows that the tempera- 
ture dependence of P is different according to the 
conformation of gellan gum. In the temperature range 
where the aqueous solution is in the gel state, the value 
of /I is close to unity, and it remains constant. At around 
the sol-gel transition temperature /I decreases steeply, 
and it becomes constant again in the temperature range 
where the gellan gum is in the double-helix state. In the 
temperature range where the gellan gum is in the 
disordered coil state, p decreases with increasing tem- 
perature. 



Discussion 

The dielectric relaxation of water observed for the 
aqueous solution of gellan gum shows a Cole-Cole-type 
relaxation curve, which is symmetrical in log/. A 
symmetrical distribution for the relaxation process of 
water is generally observed in polymer-water and 
biopolymer-water mixtures [4-7]. The local variations 
of the water structure due to the polymer chain cause 
variations in the relaxation time, and the broader 
distribution, i.e., the smaller p value, indicates that the 
local structural variation of water is larger. In polymer- 
water mixtures, both the relaxation time, t, and the 
parameter (P) for the shape of the water relaxation curve 



deviate from those of pure water. According to dielectric 
studies of seven types of polymer-water mixtures [7], the 
plots of log T against p for the relaxation process of water 
can be divided into two groups, comprising hydrophobic 
or hydrophilic polymers. The group of hydrophobic 
polymers contains noncharged polymers and the group 
of hydrophilic polymers contains mainly charged poly- 
mers. The water structure in mixtures with the former 
group is stable and uniform if compared with that of the 
latter group. Although the relaxation time of aqueous 
solutions of gellan gum is almost the same as that of pure 
water, the p value deviates from unity throughout the 
temperature range measured. Therefore, the relaxation 
process of water in aqueous solutions of gellan gum is the 
same as that in mixtures with hydrophilic polymers, 
because the abundant OH groups on the gellan gum 
molecule disturb the neighboring water structure. 

In the temperatnre range above the sol-gel transition 
temperature, the gellan gum molecules are in the 
disordered coil form. The disordered coil has an 
expanded conformation, and therefore strongly modifies 
the water structure, making the relaxation time of water 
in the gellan gum solution larger than that of pure water. 
In the temperature range between the sol-gel and coil- 
helix transitions, gellan gum molecules adopt the 
ordered double-helix conformation. The interaction 
between water and gellan gum molecules in the dou- 
ble-helix state should be less than in the disordered coil 
state. In the temperature range where the gellan gum is 
in the gel state, aggregation of donble helices further 
reduces the interaction between water and gellan gum 
molecules. Thus the extent of interaction between water 
and gellan gum depends on the conformation of the 
gellan gum molecules, and is reflected in the shape 
parameter for the dielectric relaxation process of water. 
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Discussion 

Nishinari Most of the water molecules in gels are 
believed to be the so-called free water, for example, 
Ablett S, Lillford PJ, Baghdadi SMA, Derbyshire W 
(1978) J Colloid Interface Sci 67; 353-377. We should at 
first define the free water, and then what is the difference 
between the previous conclusion on agarose and that 
which you obtained for the present gellan sample? 

Shinynashiki We also believe that almost all the water 
molecules in gels are free water. We think that water is 
more strongly influenced by gellan at high temperatures, 
where the structure of gellan is disordered. When we 
compare gels and the disordered state of gellan, the 
difference between the relaxation times of water mole- 
cules in gellan solutions and in pure water is more 
conspicuous for water molecules in disordered coils than 
for water molecules in gels. At the same time, the 
distribution of relaxation times becomes broader for 
water molecules in disordered coils of gellan. If this is 
not clear, I would like to say that rotational diffusion 
motion of water molecules is not different in gels and 
in sols, and that the difference between water in gellan 
solutions and pure water is larger in the disordered coil 
state than in gels because gellan molecules expand in the 
solution when they assume a coil conformation. 

Nishinari You have done the curve fitting of the 
observed dielectric constant as a function of frequency 
using a Cole-Cole equation. The dielectric relaxation 
strength, Ae, in gellan solutions is smaller than that in 
pure water at temperatures lower than the sol-gel 
transition temperature whilst the relaxation time in 
gellan solutions is longer than that in pure water at 
higher temperatures as shown in Fig. 5 of your paper. 
What is the physical meaning of this observation? Do 
you think that the relaxation strength is smaller in gellan 
solutions in comparison to that in pure water because 
the rotational motion of the dipoles is restricted? 

Shinyashiki No, I think that the reason why the 
relaxational strength is smaller in gellan solutions has 
no relation to the motion of the dipole but is induced by 
the presence of the polymer. Introduction of a polymer 
in water causes the structural change in the water 
surrounding the polymer, and thus may change the 
relaxational strength. The introduction of a polymer in 
water increases the relaxation time because the rota- 
tional motion of water molecules is restricted or 
hindered by the polymer, and the distribution of 
relaxation times becomes broader because the local 



structure of water may take various forms because of the 
presence of the polymer. This effect becomes more 
apparent in solution where gellan molecules are in a 
disordered state, and the remarkable change in the 
rotational motion of water is not detected in the gel 
state. 

Nishinari Y ou found a clear decrease in the fl parameter 
with temperature. Is it not possible to analyze the 
physical meaning of it from the original spectrum rather 
than evoking a power law or the Kohlrausch function? 

Shinyashiki It is well known that when p is smaller 
than unity, the relaxation time has a broader distribu- 
tion. The equations of motion for the rotational 
motion of water molecules are different for each water 
molecule. The motion of particles confined in a small 
space or the motion of water molecules restricted by 
polymers can be treated by a Cole-Cole-type relax- 
ation. When the structure of the element which 
prevents the motion of the system is a fractal structure, 
the fractal dimension is proportional to 1-/1. I think 
that the space in which the water molecules can move 
in real aqueous polymer solutions can be approximated 
by a fractal structure. The larger the fractal dimension, 
the greater the space scale in which the particles can 
move, and this appears as a broader distribution of 
relaxation times. If we assume that the activation 
energy of rotational motion is a type of Gaussian 
distribution, the distribution of relaxation times resem- 
bles a Cole-Cole type. I would like to study further the 
change in /I as a function of the structure, size, and 
concentration of polymers. 

Nishinari The reason why the distribution of relaxation 
times becomes broader may be one or all of the 
following three reasons: 

1. Gellan has a broad molecular-weight distribution. 

2. The sodium ions attach to various sites of gellan 
molecules. 

3. The coil portion and the helix portion coexist in the 
sol or the gel, i.e., the system is structurally inhomo- 
genous in this sense. Which do you think is the most 
important factor? Or, even if all these three factors 
are not important, the introduction of polymers or 
saccharides with low molecular weight may also make 
the local structure of water inhomogenous both in the 
sol and in the gel state. 

Shinyashiki I would like to study the effect of sugars on 
the dielectric relaxation in the near future. 
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Abstract Gellan gum undergoes 
gelation by forming domains com- 
posed of associated double helices. 
Gellan gum aqueous solutions were 
prepared with or without adding 
various metal salts, and their 
gel-sol transitions were observed 
by small-angle X-ray scattering 
(SAXS) and differential scanning 
calorimetry (DSC). The SAXS 
results are analyzed in terms of the 
molecular models of associated 



double helices, and the DSC endo- 
thermic peaks are attributed to the 
possible dissociation processes of 
the domains formed upon gelation. 
The mechanism of the gel-sol 
transition is discussed from the 
view point of the role of metal 
cations. 

Key words Small-angle X-ray scat- 
tering • Gellan gum • Gel structure • 
Differential scanning calorimetry 



Introduction 

Gellan gum is an extracellular polysaccharide produced 
by Pseudomonas elodea, and is composed of tetrasaccha- 
ride repeat units: l,3-/i-D-glucose, l,4-/i-D-glucuronic 
acid, 1 ,4-/i-D-glucose and 1,4-a-L-rhamnose [1] (Fig. 1). 
Its aqueous solution is known to undergo thermo- 
reversible gelation by cooling in the presence of various 
metal salts [2]. In previous papers [3, 4], we have shown 
the crosslinking domain composed of associated double 
helices from the results of small-angle X-ray scattering 
(SAXS), where the molecular model of the domain is 
constructed on the basis of the crystalographic data for 
oriented hbers drawn from gellan gum gel [5]. The 
gelation is thus thought to take place by the formation 
of double helices and their subsequent alignment, as 
proposed earlier [6]. 

The gelling characteristics depend on the type and 
concentration of counterions [7, 8]; however, the role of 
metal cations in promoting the gelation of gellan gum 
is not well understood. Since gellan gum possesses a 
carboxylic group in every four repeat units, Coulombic 
interaction is considered to be a key factor for promot- 
ing the formation of an ordered structure and the 
subsequent gelation. In an earlier paper [4], we indicated 



metal cation condensation occurred around the domains 
of the ordered structure upon gelation. The conventional 
view has been that metal cations bridge the carboxylic 
groups and stabilize the ordered structure. This may be 
true in dried gellan gum crystals as the metal cations 
are incorporated in the crystal structure analyzed by 
Chandrasekaran et al. [5]. Gellan gum gels contain 
domains of crystal-like ordered structures [3, 4]; how- 
ever, the metal cations in the gellan gum gel are not 
rigidly bound to the specific sites, but seem to be 
exchanged frequently with abundant free cations in the 
system [9, 10]. One of the reasons for this conjecture is 
the high metal cation population around the crosslink- 
ing domains composed of associated double helices [4]. 
If this conjecture is correct, double-helix formation is 
due more to the intrinsic characteristics of the gellan 
gum chain which possesses OFI groups available for 
intra- and intermolecular hydrogen bonding. 

The present study aims to provide a sound grounding 
for this conjecture by structural analysis of the cross- 
linking domain on the basis of the molecular model. The 
gellan gum gel was prepared with various metal cations, 
and the structure of the crosslinking domain was 
analyzed using the results of the SAXS from the sol 
and gel of gellan aqueous solutions. 
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Fig. 1 Repeat units of gellan Repeating unit Structure of gellan gum 

gum 




Experimental 

Sample preparation 

The Kelco Division of Merck & Co. (Calif., USA) kindly prepared 
the common gellan gum sample to be shared by the Working Party 
organized in the Gel Research Group of the Society of Polymer 
Science and Technology, Japan. The metal content of the original 
sample was analyzed to be Na 2.59%, K 0.009%, Ca 0.029% and 
Mg 0.001 %. The gellan gum was dissolved in water and mixed with 
an aqueous solution of LiCl, NaCl or CsCl so as to adjust the 
polymer and salt concentrations simultaneously. The solution 
condition was examined by eye at 10 and 60 °C. The result is 
summarized in Table 1. 

Small-angle X-ray scattering 

The SAXS measurements were performed at BL-IOC of the Photon 
Factory, Tsukuba, Japan. An incident X-ray beam from synchro- 
tron radiation was monochromatized to 1.49 A with a double- 
crystal monochrometer, and focused to a cell position with a bent 
focusing mirror. The scattered X-ray was detected by a one- 
dimensional position-sensitive proportional counter positioned 
approximately 1 m from the sample holder. The sample was 
contained in a flat glass cell of pathlength 0.2 cm and with quartz 
windows of thickness 20 pm. The cell temperature was controlled 
by circulating water of a constant temperature through the cell 
holder. The solution was injected into the cell kept at the fixed 



temperature and left for several tens of minutes prior to the SAXS 
measurements. 

The SAXS intensities were accumulated for 600 s in order to 
assure sufficient statistical accuracy without degrading the gellan 
gum by X-ray irradiation. The scattered intensities were corrected 
with respect to the variation of the incident X-ray flux by 
monitoring an ion chamber installed in front of the cell holder 
and the X-ray absorption of the solution by measuring the incident 
and transmitted X-ray intensity. The excess scattering intensities 
were calculated by subtracting the scattering intensities of solvent 
from those of the gellan gum solution. 

Differential scanning calorimetry 

Differential scanning calorimetry (DSC) measurements were per- 
formed with an MCS differential scanning microcalorimeter (Micro 
Cal., Mass.). The sample solution at 80 °C was injected into the 
DSC cell. After cooling the cell at approximately 0.5 °C/min, the 
scanning was started by heating at a scan rate of 1.0 °C /min from 
5 to 70 °C. 



Results and discussion 

Although the radius of gyration, Rg, of gellan gum in 
solution is in principle evaluated from the Guinier 
approximation, which is generally valid at small scat- 



Table 1 Solution condition and 
cross-sectional radius of gyra- 
tion, Roc, of gellan gum 



Concentration/ 

wt% 


Added metal salt 


J?Gc/A at 60 °C and 
(solution condition) 


Rgc/A at 10 °C and 
(solution condition) 


1.5 


No salt 


2.5 (sol) 


3.0 (sol) 


2.9 


No salt 


2.3 (sol) 


3.2 (gel) 


1.5 


50 mM LiCl 


2.9 (sol) 


4.4 (gel) 


1.5 


50 mM NaCl 


3.1 (sol) 


5.0 (gel) 


1.5 


50 mM KCl 


4.7 (sol) 


10.1 (gel) 


1.5 


50 mM CsCl 


9.2 (sol) 


13.7 (gel) 
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tering angles [11], the overall size of the gellan gum 
molecule is too large in comparison with the wavelength 
of the incident X-rays to justify the Guinier approxima- 
tion in the observable range of scattering angles. 
However, gellan gum is known to be relatively stiff, 
and thus the Guinier approximation for a rodlike 
molecule [11] can be applied to evaluate the cross- 
sectional radius of gyration, i?Gc- The Guinier approx- 
imation for a rodlike molecule is 



ql{q) w QXY>i-q^RcJ2) 


(1) 


q = (4ti/A) sin(0/2) , 


(2) 



where I{q) and q denote the scattered intensity and the 
magnitude of the scattering vector, with 6 and 1 being 
the scattering angle and the wavelength of an incident 
X-ray, respectively. Equation (1) holds in the range 
where qR^ > 1 and qRcc ^ h Rgc is determined from 
the slope of In ql(q) plotted against q^ (the cross- 
sectional Guinier plots) in this range. All gellan gum 
aqueous solutions yielded good linearity in the cross- 
sectional Guinier plots (Fig. 2), indicating the semiflex- 
ible nature of a gellan gum chain. As summarized in 
Table 1, there is a general increase in the cross-sectional 
radius of gyration on lowering the temperature from 60 
to 10 °C, but its extent depends on the type of metal 
cations added. As seen from the model calculation, 
the cross-sectional radius of gyration corresponds to 
approximately 2.5 A for a single coil and to 3.2 A for 
a double helix. The results indicate that metal cations 
promote the association of double helices at 10 °C. 

The molecular models of associated gellan gum 
double helices are constructed based on the crystallo- 
graphic data [5] as shown in Fig. 3. The scattering 
profiles are calculated from the atomic coordinates of 
those associates according to the Debye formula 




Fig. 2 Cross-sectional Guinier plots for 2.9% gellan gum aqueous 
solution 



/=! 

( 3 ) 

where /] and dq denote the atomic scattering factor of 
the /th atom and the distance between the /th and yth 
atoms, respectively. The form factor gi{q) of a single 
atom is assumed to be represented by the form factor of 
a sphere possessing the radius Ri equivalent to the van 
der Waals radius of the /th atom as 

^ ^ _ 3[sm{Riq) - {Riq) cos{Riq)] 

9i\d) — /D 

(Rid) 

The corresponding scattering profiles are shown 
in Fig. 4, where the length of a helix is fixed to 84.6 A 
(i8 saccharide units). The observed SAXS profiles are 
analyzed in terms of the calculated scattering profiles 
from the molecular models. When no metal salt is 
added, the SAXS profile reveals an interference peak due 
to the electrostatic interaction between carboxylic 
groups in the gellan gum repeat units. Provided that 
the interaction is spherically symmetric, the apparent 
scattering prohle, 4pp(^), is given by the product of the 
interference term, S{q), and the particle scattering factor, 
P(q), as 

lappid) ~ Rid) P{d) ) (3) 



where S{q) is approximately expressed in terms of the 
correlation length, 4 dehning a Gaussian-type interac- 
tion potential [12] as 



S{q) 



1 

\ + cK exp(— 



( 6 ) 



where A is a constant including the molecular weight 
and the second virial coefficient, and c is the concentra- 
tion. P{q) is equivalent to the normalized scattering 
intensity 7(^)//(0), where I{q) is given by Eq. (3). The 
spherically symmetric Gaussian-type potential describes 
the interaction of randomly distributed interacting 
spheres of various sizes. The domains of various shapes 
and sizes composed of associated gellan gum double 
helices will be distributed randomly in the solution. They 
also undergo sufficiently rapid thermal motion to 
compensate for their anisotropic geometry. Thus, 
Eq. (6) is assumed to be valid for taking into account 
the electrostatic interaction of carboxylic groups of 
gellan gum in solution. 

Illustrative fits are shown in Fig. 5 for the system 
without added metal cations and in Fig. 6 for the 
system with added NaCl or CsCl. Here the system is 
assumed to be constituted of the freely jointed molec- 
ular model components shown in Fig. 3. That is, the 
total scattering intensity is given by the sum of the 
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Geilan molecular model 

single helix 




Packing model of geilan molecules 




4 double helices 8 double helices 12 double helices 



Fig. 3 Molecular model of associated geilan gum chains 




Fig. 4 Scattering profiles calculated from the molecular models in 
Fig. 3 



scattering intensity of each molecular model component 
as [13, 14] 

I{q)/c w WjMu&iiq) + const. • q^^ , (7) 



where Wj, Mu and Q^q) denote the weight fraction, the 
linear mass and the particle scattering factor of the /th 
molecular model component, respectively. The constant 
term takes into account the intercomponent spatial 
correlation where the components are assumed to be 
freely jointed. The results analyzed according to Eq. (7) 
and the molecular models (Fig. 3) are summarized in 
Table 2. The model analysis confirms the association of 
double helices being promoted by lowering the temper- 
ature and/or adding metal salts. The single chains are 
the sole components at 60 °C in the geilan gum aqueous 
solution without added salt, with 50 mM LiCl or with 
50 mM NaCl. The geilan gum/50 mM KCl or CsCl 
aqueous solution contains high contents of associated 
double helices even at 60 °C. The dissociation of those 
domains takes place at even higher temperatures, and, 
for example, the geilan gum/50 mM CsCl aqueous 
solution is constituted of double helices at 65 °C. The 
step-by-step dissociation of the domains at higher 
temperatures is also observed by DSC as multiple 
endothermic peaks above the initial melting point of 
the double helices. By lowering the temperature to 
10 °C, all solutions exhibit the formation of double 
helices and some degree of association of double helices. 
Here the 1.5% geilan gum solution without added salt 
forms no gel. 
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Fig. 5 Observed and calculated {solid lines) scattering profiles from 
1.5 and 2.9% gellan gum solution without adding metal salt. The 
broken lines correspond to the scattering profiles without the 
interference term 

The correlation length, (Eq. 6) serves as a measure 
of the distance of electrostatic interaction in the system 
of gellan gum aqueous solutions without added salt. As 
seen in Table 2, the correlation length becomes shorter 
with increasing concentration or increasing temperature. 
The increase in concentration shortens the interchain 
distance, and so the correlation length should be shorter 
at higher polymer concentration. At 10 °C, gellan gum 
exists in a double-helical conformation. The interchain 
distance widens as a result of the formation of double 
helices owing to the apparent decrease in the number of 
interacting units. If a pair of chains ideally form a 
double helix, the number of interacting units in principle 
is reduced to a half and the interaction distance should 
therefore double. The present results summarized in 
Table 2 suggest that double-helix formation does not 





proceed ideally, but involves multiple pairs of chains. 
This tendency is more pronounced at higher concentra- 
tions of polymer. 

The highest degree of association in the present 
model analysis was 12; however, the slight deviation of 
the calculated scattering prohle from the observed SAXS 
at lower angles indicates that some double helices are 
associated into more than 12 units. Although discrete 
model components are taken into account for the sake 
of computational convenience, the gellan gum solutions 
may contain more varieties of associated components. 
However, it should be noted that the thickness of the 
domains was found to be almost invariant and corre- 
sponds to that of the double layer of helices as shown 
in Fig. 3. 

DSC of the same solutions reveals multiple endo- 
thermic peaks with added metal salts (Fig. 7). The 
DSC curves may be classified into two groups. A single 

Fig. 6 Observed and calculated scattering profiles from 1.5% gellan 
gum solution with 50 mM NaCl (left) or 50 mM CsCl (right) 
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Table 2 Weight fraction of 
model components (see Fig. 3) 
and correlation length, 

(see Eq. 6) 



Sample 

specification 


60 °C 




10 °c 




Model component 


i/A 


Model component 


i/A 


1.5% no salt 


Single 


26.4 


Double 


31.4 


2.9% no salt 


Single 


22.4 


Double 


24.0 


1.5% 50 mM LiCl 


Single 


— 


Double (0.81) 

2 Double (0.19) 


— 


1.5% 50 mM NaCl 


Single 


— 


Double (0.68) 

4 Double (0.32) 


— 


1.5% 50 mM KCl 


Single (0.18) 

2 Double (0.82) 




Double (0.17) 

2 Double (0.17) 
8 Double (0.66) 




1.5% 50 mM CsCl 


Single (0.37) 

8 Double (0.63) 




4 Double (0.27) 
12 Double (0.73) 






Fig. 7 Differential scanning curves obtained from the gellan gum 
solutions 



sharp peak accompanied by a small peak specifies one 
group. This group includes the gellan gum solutions 
without salt, with 50 mM LiCl and with 50 mM NaCl. 
The sharp peak is considered to be due to the melting 
of double helices to form single coils, and its shape 
indicates a high cooperativity. The peak at 30 °C 
shifts to 38-39 °C on adding LiCl or NaCl. When 
LiCl or NaCl is added, a broad peak appears at 20 or 
42 °C, respectively. Since a small number of the 
domains composed of associated double helices are 
present at 10 °C, this broad peak is thought to be 
caused by the dissociation of the domains. In 50 mM 
LiCl aqueous solution, two gellan gum double helices 
associate to form the domain, which dissociates into 
two isolated double helices prior to the melting of the 
double helices to form single coils. In 50 mM NaCl 
aqueous solution, the domain is composed of four 
associated double helices. This domain dissociates 
directly into single coils, because the dissociation takes 



place at 42 °C after the melting of the double helices 
at 39 °C. 

The other group, including the gellan gum solutions 
with KCl and CsCl, is specified by a broad peak at a low 
temperature (at 48 and 50 °C for KCl and CsCl, 
respectively) and multiple sharp peaks at higher tem- 
peratures. The broad peak is considered to correspond 
to the melting of double helices to form single coils, 
where a small number of isolated double helices melt 
into single coils. The sharper peaks at higher tempera- 
tures indicate the dissociation of the domains composed 
of associated double helices. A considerable number of 
associated double helices still exist at 60 °C in 50 mM 
KCl or CsCl aqueous solution of gellan gum as seen 
from the results of SAXS (Table 2). Multiple DSC peaks 
indicate that the dissociation proceeds step by step. The 
high cooperativity suggests that the dissociation involves 
the dissociation of the domain and the melting of 
dissociated double helices. 

Multinuclear NMR [9] has revealed the abrupt 
changes in line shape, spectrum intensity and spin-spin 
relaxation time of ^®K and '^^Cs in the vicinity of gel 
melting, but no transition was observed for ^^Na. The 
chemical shift changes monotonically with temperature, 
suggesting no sudden change in the magnetic environ- 
ment around the nuclei observed. 

Summarizing the results of SAXS and DSC comple- 
mented by multinuclear NMR, it may be concluded that 
K^ and Cs^ condense onto the domains composed of 
associated double helices and exchange with free cations 
at a relatively slow rate before melting while Li^ and 
Na^ remain almost free. The cation condensation 
stabilizes domains composed of associated double 
helices of gellan gum. 
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Discussion 

E.R. Morris Were temperatures for SAXS approached 
from above or below (i.e. by cooling or by heating) 

Takigawa In Fig. 6, you drew the best-fit curves for the 
experimental data of the gellan gum solutions, and 
estimated the probable packing structure of the mole- 
cules in the solution state. My question is whether or not 
the estimated structure is in equilibrium. I guess that at 
low temperatures, where the helical conformation is 
favored, the molecules tend to aggregate to form large 
clusters or domains with increasing time even in the 
solution state, meaning that the structure becomes time- 
dependent. 

Kajiwara The solutions were prepared freshly for each 
measurement according to the prescribed procedure, and 
were maintained at 80 °C. Then the solutions were put 
in the cell for SAXS measurement, the cell being kept 
at the prescribed temperature for 15 min prior to the 
measurement. By following this procedure, we obtained 



consistent results as confirmed by independent measure- 
ments on a few samples. We also noticed the ageing 
effect in the previous measurements. Thus the structure 
analyzed in the present paper is not an equilibrium 
structure, but may grow with time. We also tried to 
measure the time-resolved SAXS by increasing the 
temperature from 10 °C at a rate of 0.5 °C/min (the 
same rate as DSC), but failed because of sample damage 
by X-ray irradiation. 

Matsukawa The interaction distance seems to be pro- 
portional to the negative one-third power of the number 
of interacting units in a random spatial arrangement. 
Why should the interaction distance double when the 
number of interacting units halves? 

Kajiwara Since no concentration dependence was ob- 
served and the actual number of interacting units was 
not estimated, we cannot determine the concentration 
dependence of the interaction distance. We are planning 
to study the concentration dependence (including a 
wider range of salt concentrations). 
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Abstract The sol-gel transition of 
gellan gum aqueous solution in the 
absence of added salts has been 
studied by differential scanning cal- 
orimetry (DSC), mechanical meth- 
ods, wide-angle X-ray diffraction 
(WAXD), and small-angle X-ray 
scattering using synchrotron radia- 
tion (SR-SAXS). DSC data show 
that the endothermic enthalpies have 
a maximum at about 4% gellan gum 
concentration and almost disappear 
at a concentration beyond about 
8%, whereas the exothermic enthal- 
pies increase with the concentration 
of gellan gum. The endothermic 
peak temperatures are almost coin- 
cident with the exothermic tempera- 
tures at gellan gum concentrations 
below about 4%. In a concentration 
range between about 5 and 7%, two 
endothermic peaks were observed. 
At gellan gum concentrations above 
about 8%, no endothermic peak was 
observed in the DSC heating curves, 
suggesting a splitting into many 
endothermic peaks. Two transition 
curves determined by DSC and test- 
tube tilting methods cross over at 
about 5 wt% gellan gum concentra- 



tion. The solution was transparent 
below about 5% gellan gum con- 
centration, while it was cloudy at 
higher concentration and the cloud- 
iness increased on storing overnight 
at around 30 °C. WAXD and SR- 
SAXS data indicated that some 
peaks indicating an ordered struc- 
ture were observed in the cloudy 
gels. The data on the cloudy gels 
were characterized by peaks at three 
scattering vectors which are in a 
simple ratio of 1:2:3, suggesting that 
the junction zones in these gels are 
formed by lamellar structures. These 
peaks shifted to a lower scattering 
vector as the content of added ions 
in the gellan gum sample was in- 
creased, indicating larger lamellae. 
The molecular origin of the multiple 
endothermic peaks observed in the 
DSC heating curves for gellan gum 
solutions at higher concentration is 
the melting of these lamellae. 



Key words Gellan gum • Differen- 
tial scanning calorimetry • Small- 
angle X-ray scattering • Structure 
of gels • Lamellae 



Introduction 

Gellan gum is an extracellular polysaccharide produced 
by the bacterium Pseudomonas elodea [1]. It is an anionic 
heteropolysaccharide with a tetrasaccharide repeat unit 
[2, 3]. Physicochemical studies show that gellan gum 



forms a thermoreversible gel upon cooling, and suggest 
that the junction zones of the gels arise from the 
association and possibly crystallization of sections of the 
polymer chain [4-11]. Although many studies have been 
performed to reveal the structure and mechanism, the 
gelling mechanism is not yet fully understood. 
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Yuguchi et al. [12] studied the conformation of 
sodium-salt-type gellan gum in aqueous solutions by 
small angle X-ray scattering using synchrotron radiation 
(SR-SAXS) measurements and found that the thickness 
of the junction zones formed in the gel increased with 
the concentration of gellan gum. In their SR-SAXS 
profiles, only a weak peak was observed for the gel 
states, and they claimed that the peak was due to a 
correlation hole. 

We have estimated the thickness of the aggregates of 
parallel cylindrical molecules from SR-SAXS measure- 
ments using the same sample as that of Yuguchi et al. In 
our profiles, a second-order peak, in addition to a broad 
peak, was observed [13]. 

An important difference between the studies of 
Yuguchi et al. and ours lies in the method of preparation 
of the gel. Yuguchi et al. used a gel prepared a short 
time before measurement, whereas we used a gel which 
had been aged for days. The results suggest that the 
length of the setting time considerably influences the gel 
structure and gelling characteristics. 

The present work aims to elucidate the gelling 
characteristics and the gel structures of gellan gum in 
aqueous solutions by means of differential scanning 
calorimetry (DSC), mechanical methods, wide-angle 
X-ray diffraction (WAXD) and SR-SAXS. The study 
was carried out with the third gellan gum sample 
distributed among the working groups organized by K. 
Nishinari. This new sample was the sodium salt type and 
its content of other metal ions was lower than in the 
gellan gums distributed previously. Since the gelling 
characteristics and the gel structures are sensitive to the 
type and content of cations present in the sample, this 
new gellan gum sample is expected to reveal a new 
aspect of the gelling mechanism. A specific aim was to 
determine whether an ordered structure observed in the 
second sample (hereafter, NaGG-2) still appears in the 
new gellan sample (hereafter, NaGG-3). 



Experimental 

Materials 

The sample of sodium-salt-type gellan gum (in powder form: NaGG- 
3) was supplied by San-ei Kagaku Co. (Osaka, Japan). The content 
of the inorganic ions was determined by the Hydrocolloid Group of 
San-ei Kagaku Co., using inductively coupled plasma emission 
spectrometry to be Na"^ 2.59%, 0.009%, Ca^"^ 0.02% and 

Mg^^ 0.001%. The number-average and weight-average molecular 
weights were 5.7 x lO"* [14] and 9.47 x 10'' [15], respectively. 

As NaGG-3 is more soluble in water than NaGG-2 because of 
the very low contents of ions present in the sample, it is possible to 
study the physicochemical properties of more concentrated solu- 
tions than in the previous study. NaGG-3 solutions were prepared 
at concentrations in the range 0.78-9.8 wt%. The preparation of 
NaGG-3 solutions was carried out according to Miyoshi et al. [7]. 
The gel samples were prepared by quenching into cold water after 
annealing at 90 °C for at least 24 h and were maintained at 30 °C 



for several days. The NaGG-3 samples used in the present work 
were prepared in the absence of added salts. 

Measurements 

The DSC measurements were carried out at a constant rate of 
0.5 °C/min, using a Seiko DSC 120 equipped with a data analysis 
station for baseline correction and calculation of the heats of 
transition. 

The gel melting temperature was determined by the ball-drop 
method [16]. The onset of the drop of a glass ball on the gel on 
heating was taken as the gel melting temperature. The test-tube 
tilting measurements were made by visual observation of the onset 
of fluidity of the gel on heating [17]. 

The WAXD measurements were performed on a MAC rotating 
anode (M18XHF-SRA) at 50 kV and 300 mA using Cu Ka 
radiation. The range of the scattering vector, q, was 0.11- 
1.2 A“'. Here q is (47!://l)sin 6, where a is the wavelength used 
and 20 is the scattering angle. An exposure time of 3000 s was used. 
The diffracted X-ray signal was detected by means of a MAC 
imaging-plate system (DIP220). The details of the WAXD 
measurements are given elsewhere [18]. The diffraction angle was 
calibrated by measuring the WAXD pattern of NaCl as a standard. 
Each sample was sealed in a 1-mm-thick stainless steel plate cell 
with mica windows of about 15-/im thickness. The temperature 
range was 20-80 °C and each temperature was held constant to 
within ±0.01 °C. 

The application of SR-SAXS to a system with low contrast is very 
powerful for revealing structures in the intermediate length scale. The 
SR-SAXS measurements were performed using an instrument 
installed on beam line IOC of the Photon Factory, National 
Laboratory for High Energy Physics, Tsukuba, Ibaraki, Japan. 
The range of q was 0.01-0.4 A“'. Exposure times of 60 or 300 s were 
used. The scattering angle was calibrated by measuring the SAXS 
pattern of dried collagen as a standard. The details of the optics and 
instruments are given elsewhere [19]. The sample cell used was the 
same as in the WAXD measurements. Based on the WAXD results, 
two concentrations of 8.0 and 9.0 wt% were measured. The 
temperature was 15 °C for 8 wt% and 10 °C for 9 wt%, and each 
temperature was again held constant to within ±0.01 °C. 




TemperaturepC) 

Fig. 1 Differential scanning calorimetry (DSC) cooling curves for 
gellan gum (NaGG-3) solutions of various concentrations in the 
absence of added salts: I (1.13 wt%); 2 (2.18 wt%); 3 (3.2 wt%); 
4 (4.17 wt%); 5 (5.15 wt%); 6 (6.18 wt%); 7 (7.19 wt%); 5 
(8.39 wt%); 9 (9.43 wt%); 10 (10.52 wt%). Cooling rate: 0.5 °C/min 






50 





Fig. 2a, b. DSC heating curves for gellan gum (NaGG-3) solutions of 
various concentrations in the absence of added salts: 1 (1.13 wt%); 
2 (2.18 wt%); 3 (3.2 wt%); 4 (4.17 wt%); 5 (5.15 wt%); 6 (6.18 wt%); 
7 (7.19 wt%); 8 (8.39 wt%); 9 (9.43 wt%); 10 (10.52 wt%). Heating 
rate: 0.5 °C/min. a Annealed sample, b quenched sample 



Results and discussion 

DSC cooling curves of NaGG-3 solutions of various 
concentrations in the absence of added salts are shown 
in Fig. 1. A single exothermic peak was observed in 
these DSC curves for all gellan gum concentrations. On 
the other hand, the DSC heating curves exhibit an 
endotherm at gellan concentrations below about 4 wt% 
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Fig. 3 Phase diagram for gellan gum solutions of various concentra- 
tions in the absence of added salts. The curves are drawn for easy 
viewing. T: peak position obtained from the DSC cooling curve for 
NaGG-3 (run 1); A: peak position obtained from the DSC heating 
curve for NaGG-3 (run 1); •: fluid temperature obtained from the 
test-tube tilting method for NaGG-3; V: peak position obtained from 
the DSC cooling curve for NaGG-2; O: fluid temperature obtained 
from the test-tube tilting method for NaGG-2; -T- : peak position 
obtained from the DSC cooling curve for NaGG-3 (run 2); -A-: peak 
position at lower temperature obtained from the DSC heating curve 
for NaGG-3 (run 2); -A-: peak position at higher temperature 
obtained from the DSC heating curve for NaGG-3 (run 2); -•-: gel 
melting temperature obtained from the ball-drop method for NaGG-3 
(run 2) 




Fig. 4 Plots of enthalpies of the transitions obtained on the cooling 
and heating of gellan gum solutions as a function of gellan gum 
concentration. The curves are drawn for easy viewing. T: enthalpies 
obtained from the DSC cooling curve for NaGG-3 (run 1); A: 
enthalpies obtained from the DSC heating curve for NaGG-3 (run 1); 
V: enthalpies obtained from the DSC cooling curve for NaGG-2; A: 
enthalpies obtained from the DSC cooling curve for NaGG-2; -T-: 
enthalpies obtained from the DSC cooling curve for NaGG-3 (run 2); 
-A-: enthalpies at lower temperature obtained from the DSC heating 
curve for NaGG-3 (run 2); -A-: enthalpies at higher temperature 
obtained from the DSC heating curve for NaGG-3 (run 2) 

and two endothermic peaks in a concentration range 
between about 5 and 7 wt%, but not at concentrations 
above about 8 wt%, as shown in Fig. 2. No difference 
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Fig. 5 Wide-angle X-ray dif- 
fraction patterns for gellan gum 
(NaGG-3) solutions as a func- 
tion of concentration and tem- 
perature. a 5.3 wt%: I (20 °C); 

2 (40 °C); 3 (50 °C). b 7.3 wt%: 
1 (40 °C); 2 (50 °C); 3 (60 °C). 
c 8.5 wt%: 1 (30 °C); 2 (40 °C); 

3 (50 °C); 4 (60 °C). d 9.8 wt%: 
1 (40 °C); 2 (50 °C); 3 (60 °C); 

4 (70 °C); 5 (80 °C) 




between annealed and quenched samples was observed. 
The result indicates that the effect of thermal hysteresis 
is small in the lower concentration range below about 
4 wt%. The absence of an endotherm beyond about 
8 wt% may be due to a splitting into many small peaks. 

The phase diagram determined by DSC and mechan- 
ical methods is shown in Fig. 3. A large difference is 
observed between the data points for the NaGG-2 and 
NaGG-3 samples obtained using mechanical methods. 
The result indicates that the inorganic ions contained in 
gellan gum have a much greater effect on the mechanical 
measurements than on the thermal measurements. 
As a critical gelation concentration is observed on the 
mechanical transition curve, the mechanical transition 
indicates the sol-gel transition, while the thermal 
transition corresponds to a different type of transition 



such as the melting of an ordered structure, as suggested 
previously [13]. The phase diagrams are divided into 
four regions, as in the case of the NaGG-2 sample [13]. 
As can be seen, the transition temperatures determined 
by thermal and mechanical measurements cross over at 
4-5 wt%. Below 4-5 wt%, the thermal transition curve 
is higher than the mechanical transition curve, as shown 
by Nishinari [11]. On the other hand, above 4-5 wt%, 
the mechanical transition curve almost corresponds to 
the thermal transition curve. Furthermore, it is noted 
that the gel state dramatically changes at about 5 wt%: 
a transparent gel below about 5 wt% is converted into 
a cloudy gel at higher concentrations. The cloudiness 
increased on storing the gel overnight at around 30 °C. 

The enthalpies as a function of the concentration of 
gellan gum are shown in Fig. 4. A large difference between 
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Fig. 6 Small-angle X-ray scattering using synchrotron radiation 
profiles for gellan gum (NaGG-3) solutions. •: 8.0 wt% at 15 °C; 
O: 9.0 wt% at 10 °C. The arrows indicate the position of the peak 
maximum and the shoulder 

endothermic and exothermic enthalpies is observed above 
a concentration of 4 wt%. Endothermic enthalpies have a 
maximum around about 4 wt% and become almost zero 
at a concentration beyond about 8 wt%, while exother- 
mic enthalpies increase with the concentration of gellan 
gum. The absence of an endothermic peak beyond about 
8 wt% is due to the splitting into many endothermic 
peaks, i.e., a multiphasic melting of the gel. 

WAXD profiles for the gellan gum solutions on 
heating are shown in Fig. 5. The WAXD intensity in 



the q region below 0.3 A“' decreases with temperature 
and increases with the concentration of gellan gum. A 
sharp peak present in the q region higher than 0.4 A“' 
represents Bragg reflection from the mica windows and 
the peak width reflects the present instrumental resolu- 
tion. Although no peak is seen in this q range for 
5.3 wt%, this is a result of eliminating these reflections 
observed at the imaging plate. As this elimination is a 
time-consuming job, the raw data are shown for other 
concentrations. The peak and the shoulder observed in 
the q region below 0.3 A“* appeared only in the gels in the 
concentration range 5-9 wt% and disappeared in the sols 
at elevated temperatures. This result confirms without 
ambiguity the presence of ordered structures in the gellan 
gum gel in the above concentration range. The ordered 
structures strongly depend on the concentration of gellan 
gum, the temperature and the content of ions. These 
peaks and shoulders are rather broad in comparison with 
the resolution, indicating the presence of a range of 
paracrystal-like ordered structures. As the temperature is 
increased, two peaks coalesce into one peak and disap- 
pear, as shown in Fig. 5b and c. Furthermore, a shoulder 
is present at around q = 0.48 A”’ for gellan concentra- 
tions of 8.5 and 9.8 wt%, irrespective of the temperature. 

SR-SAXS profiles at gellan concentrations of 8.0 and 
9.0 wt% are shown in Fig. 6. These gels gave a peak and 
at least one shoulder, which disappeared in the sols at 
elevated temperatures. This result reconfirms without 
ambiguity the presence of ordered structures in the gels 
at gellan concentrations above 5 wt%. 



Table 1 Wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering using synchrotron radiation (SR-SAXS) data of sodium- 
salt-type gellan gum 





Concentration 

(wt%) 


Added 

salt 


Salt concentration 
(mM) 


9ml (A ') 


<Jm2 (A ') 


9m3 (A ') 


Temperature 

(°C) 


NaGG-2 


(M„ = 4.5 X lO"*’^) 
















2.0 


CaCb 


2.0 


0.05“= 


0.10“= 


- 


20.0 




2.0 


MgCl2 


4.0 


0.05“= 


0.10“= 


- 


20.0 




2.9 


- 


- 


0.065“= 


0.13“= 


- 


19.8 






- 


- 


0.072“= 


- 


- 


32.2 




3.0 


- 


- 


0.065“= 


0.13“= 


- 


25.0 




4.0 


- 


- 


0.07“= 


0.14“= 


- 


25.0 




5.0 


- 


- 


0.07“= 


0.14“= 


- 


25.0 






- 


- 


0.074“= 


- 


- 


46.3 


NaGG-3 


(M„ = 5.7 X lO^’’’) 
















5.3 


- 


- 




0.19“* 


- 


40.0 






- 


- 




0.21“* 


- 


50.0 




7.3 


- 


- 




0.195“* 


0.29‘^ 


40.0 






- 


- 




0.22“* 


- 


50.0 




8.0 


- 


- 


0.08“= 


0.16“= 


0.24“= 


15.0 




8.5 


- 


- 




0.18“* 


0.27“* 


30.0 






- 


- 




0.18“* 


0.27“* 


40.0 






- 


- 




0.205“* 


- 


50.0 




9.0 


- 


- 


0.08“= 


0.16“= 


- 


10.0 



Ogawa [14] 

“^SR-SAXS: 0.015 < q (A^‘) < 0.38 
‘‘WAXD: 0.11 < q (A“') < 1.2 
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Table 2 WAXD and SR-SAXS ^ ^ 

data of sodium-salt-type gellan Concentration Added Salt d„ (A) rftheo/ (A) Temperature 

(wt%) salt concentration (mM) (°C) 



NaGG-2 


2.0 


CaCb 2.0 


126 


196 


20.0 


2.0 


MgCl2 4.0 


126 


196 


20.0 


2.9 


- 


97 


173 


19.8 




- 


87 


173 


32.2 


3.0 


- - 


97 


171 


25.0 


4.0 


- 


90 


155 


25.0 


5.0 


- 


90 


144 


25.0 




- 


85 


144 


46.3 


NaGG-3 


5.3 


- 


66 


153 


40.0 




- 


60 


153 


50.0 


7.3 


_ 


64 


138 


40.0 




- 


57 


138 


50.0 


8.0 


- 


79 


133 


15.0 


8.5 


- 


70 


131 


30.0 




- 


70 


131 


40.0 




- 


61 


131 


50.0 


9.0 


- 


79 


128 


10.0 


“4heor = (MW/iVAC) 


where MW is the molecular weight of the gellan gum dimer, Aa 


is Avogadro’s 



number and c is the polymer concentration (g/cm^) 



Table 1 lists the q values of the peak and the 
shoulders for the NaGG-3 gels obtained from the present 
WAXD and SR-SAXS measurements, in addition to the 
previous q values for NaGG-2 gels. The q^ values 
obtained from SR-SAXS measurements are in a simple 
ratio of 1;2(:3). The result suggests that the ordered 
structures in gels are lamellae [20] and the junction zone 
is formed by such a lamellar stack. From the temperature 
dependence of the WAXD profiles shown in Fig. 5a-c, 
it is suggested that the interaction forming these lamellae 
is due to hydrogen bonding between hydroxyl groups 
contained in the chemical structure of gellan gum. The 
first q value {qmi) was missed in the WAXD measure- 
ments because of the insufficient small-angle resolution. 
Noting that the q^ values obtained from the WAXD 
measurements are in a simple ratio of 2;3, we can easily 
find the first value missed in the WAXD measure- 
ments. We then evaluated the distance (Jo) associated 
with the first q^\ based on the assumption that the Bragg 
equation holds. It should be noted that the Bragg spacing 
thus obtained gives only approximate information on the 
size of any specific lamellar stack. 

The Jo values as well as the Jtheor values (a theoretical 
helix-helix distance calculated from the concentration of 
gellan gum by assuming a uniform distribution through- 
out the sample) are listed in Table 2. The Jo values 
decrease with increasing gellan gum concentration and 
increase with increasing salt concentration. When we 
compare Jo with Jtheor, the Jo values are seen to be 
smaller than the Jtheor values, in agreement with the 
requirement that locally ordered structures are present 
in gels. The Jo values for NaGG-3 are rather smaller 
than those for NaGG-2. These small Jo values for 



NaGG-3 explain why the NaGG-3 sample is more 
soluble in water than the NaGG-2 sample; the higher 
solubility results from the very low contents of ions 
in NaGG-3 compared with NaGG-2. At 2 wt% for 
NaGG-2, the lamellar junction zone is formed by 
cations present in the sample. The addition of gel- 
promoting cations increases the Jo value. It is expected 
that the higher the value of Jo is, the stronger the 
macroscopic gel becomes. 



Conclusions 

The present studies on gellan gum confirm without 
ambiguity the presence of ordered structures in the 
gellan gum gel. The results suggest that the ordered 
structures in the gels are lamellae and the junction zone 
is formed by such a lamellar stack, and that the 
interaction forming these lamellae is due to hydrogen 
bonding between hydroxyl groups contained in the 
chemical structure of gellan gum. The mechanical 
transition corresponds to the sol-gel transition, while 
the thermal transition corresponds to the melting of 
lamellae. The absence of an endothermic peak in the 
DSC heating curves at higher concentrations may be due 
to consecutive melting of these lamellae. 
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Discussion 

Nishinari The sol-gel transition temperature, which 
you determined by the tilting method is 21 °C, and the 
coil-helix transition temperature, Teh, determined as the 
DSC peak temperature is 32 °C for a 2% gellan gum 
NaGG-3 solution in your Fig. 3, whilst is 9 °C and 
Teh is 34 °C as shown in our Fig. 3. T^g was determined 
as the temperature at which the storage shear modulus 
and the loss shear modulus cross over as shown in our 
Fig. 3. Should we think that the transition temperatures 
determined from thermal scanning rheology and the 
tilting method have different meaning? As for the 3% 
solution, the transition temperature determined by the 
ball-drop method is 26 °C and the transition tempera- 
ture determined from DSC exothermic and endothermic 
peak temperatures is 35 °C, whilst T^g is 31 °C and Teh is 
37 °C in our Fig. 3. The transition temperatures deter- 
mined by the tilting method were higher than the DSC 
exothermic and endothermic peak temperatures above 
gellan concentration of 4% in your phase diagram 
(Fig. 3). If the transition temperature determined by the 
tilting method is the sol-gel transition and the transition 
temperature determined by DSC is the coil-helix 
transition temperature, we should think that the gel is 
formed by the aggregation of coils at higher tempera- 
tures, where gellan molecules are in the coil conforma- 
tion when the concentration of gellan exceeds 4%. 

Izumi It is possible that the transition temperatures 
determined by thermal scanning rheology and the tilting 
method have different meaning. The tilting method and 
the falling-ball method are easy and convenient, but the 
accuracy may not be so good. Apart from this, I would like 
to point out the importance of the sample preparation. 
The method of the dissolution of the gellan sample which 
we adopted is almost the same as yours, i.e. dispersing the 



powder at 40 °C for 60 min, and then heating it at 90 °C 
for 30 min, and then keeping it at 70 °C before the 
measurement was taken to prevent gelation. The problem 
is how to lower the temperature of the solution to form a 
gel. Please show the standard method to lower the 
temperature. We lower the temperature by immersing 
the solution in iced water, and then keep it at this 
temperature for a long time, and then the temperature is 
raised from 0 °C. The sample solution was sealed in a test 
tube, and it should not be decomposed. 

As for the inversion of the DSC peak temperature 
and the transition temperature determined by the tilting 
method, I would like to emphasize that the transition 
temperature obtained by DSC is the peak temperature. 
The transition temperature determined by the tilting 
method is included within the temperatures between the 
onset temperature and the conclusion temperature of 
DSC. When the temperature is lowered from a higher 
temperature, the coil-helix transition does not occur in 
the whole molecular chain but only locally because of 
the entanglement of the molecular chains. Most of the 
cross-links are formed by transient entanglement of 
molecular chains. Only a small portion of the helix is 
formed in this transient entanglement, and it was 
estimated to be a gel by a tilting method. The cross- 
links formed by helices will increase on lowering the 
temperature. This appears as the tail of the exothermic 
peak in the DSC cooling curves. Since we observe the 
transient phenomenon within a limited time, the results 
seem to be contradictory. The transition temperatures 
determined by the ball-drop method were closer to the 
exothermic peak temperatures but were totally different 
from the endothermic peak temperatures above gellan 
concentrations of 4%. The exothermic and endothermic 
peak temperatures coincide with each other below gellan 
concentrations of 4%, indicating this transition below 
4% is steady. Since all transitions except this are 
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transient phenomena, the results seem to be contra- 
dictory. 

Nishinari It is indeed an interesting problem to examine 
the difference between gels prepared by rapid cooling and 
by slow cooling. When we examine the gelation kinetics, 
the sample solutions are quenched to a certain tempera- 
ture at which the gelation occurs in most cases. However, 
it is interesting to examine the pseudoequilibrium prop- 
erties of gels prepared with various cooling rates and kept 
for a long time. This should be explored in the future. 

Sharp Bragg reflections from mica windows appeared 
at 9 = 0.50, 0.78 and 0.93 for a 7.3% gellan gum solution 
as shown in your Fig. 5b, whilst they did not appear 
for a 5.33% gellan gum solution as shown in your 
Fig. 5a. Why? 



Izumi We used a two-dimensional detector, and the 
reflections from the mica windows appear as spots. To 
convert the two-dimensional data into one dimension, 
the intensities are summed up in the direction of the 
radius. Mica windows are cut out from a large mica 
plate. Sample solutions of different concentrations were 
put into different cells, and the windows for each 
solution are different; therefore, the peaks from the 
windows appear at different angles for different solu- 
tions. In some cases, as in Fig. 5a, reflections from mica 
windows were subtracted using a computer, but in other 
cases, such as in Fig. 5b, these operations were not 
performed. The reflections from lamellar structures 
appeared as a Debye ring when we used a two- 
dimensional detector. 
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Abstract The gelation of gellan gum 
solutions was investigated by means 
of sound velocity and viscoelastic 
measurements. The molecular 
weights determined by light-scatter- 
ing measurements were 21.7 x lO'* at 
25.0 °C (the ordered state) and 
9.47 X 10"^ at 40.0 °C (the disordered 
state), and the ratio is 2.29, sup- 
porting the scheme of conforma- 
tional transition of gellan gum 
between a double helix and a single 
coil. Sound velocity measurements 
were performed in the concentration 
range from 0.05 to 2.4% at 25 and 
35 °C. The decrease in the sound 
velocity difference between the solu- 
tions and pure solvents, AU, at 25 °C 
was observed in a fairly narrow 
concentration range of 0.70-1.0%, 
and this decrease indicates a dehy- 
dration of gellan molecules followed 
by the conformational change of 
random coil to helix. The effects of 
gellan concentration on gelation 
were examined viscoelastically in the 
concentration range from 0.85 to 
4.85% at 25 °C. The crossover con- 



centration of gelation where the 
equivalent power-law behaviors of 
the storage modulus, G', and the loss 
modulus, G", appeared against the 
angular frequency was about 3.1%. 
Gelation curves of the complex 
moduli and AV curves were exam- 
ined as a function of time by 
quenching from 35 to 25 °C. Two 
distinct processes were observed in 
the gelation curve of G' and G". On 
the other hand, only a single process, 
which corresponds to the first pro- 
cess in the gelation curve, was ob- 
served in the AV curve. The results 
were explained as indicating that the 
first process was attributable to the 
conformational change from coils to 
helices of gellan molecules, and the 
second process to the development 
of aggregates of helices or the for- 
mation of bundles of helices result- 
ing in gelation. 

Key words Gellan gum • Light 
scattering • Sound velocity • 
Viscoelasticity • Coil-helix 
transition 



Introduction 

Gellan gum is an extracellular polysaccharide produced 
by the bacterium Pseudomonas elodea and consists of 
tetrasaccharide repeating units of o-glucose, D-glucuro- 
nic acid, o-glucose, and L-rhamnose. The gelation 
phenomenon has been extensively studied in recent 
years (see, for example. Ref. [1], in which the reports 
from the research group on gellan gum were collected). 



Results on the change in sound velocity and viscoelas- 
ticity accompanying gelation of aqueous gellan solutions 
were reported in Ref. [1]. 

It has been shown that the sol-gel transition is related 
to the conformational change of gellan in solution [2]. 
Gellan gum shows a structural change from the 
disordered state (single-stranded random coil) at high 
temperatures to the ordered state (double helix) at low 
temperatures [3]. Finally gellan gum solutions undergo 
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gelation at sufficiently low temperature, where cross- 
linkages are formed by bundles of several double helices 
combined with each other. In Ref. [1], we reported 
results on the change in sound velocity and viscoelastic- 
ity accompanying gelation of aqueous gellan solutions, 
and the influence of temperature on the sol-gel transi- 
tion of aqueous gellan solutions was studied. In the 
present report, we investigate the effect of gellan 
concentration on the structural transitions by viscoelas- 
ticity and ultrasonic velocity measurements on the basis 
of the molecular structure examined by light scattering. 



Experimental 

The powdered gellan of the deacetylated form (third gellan sample) 
was supplied by San-Ei Gen F.F.I., and was used without further 
purification. 

Fight scattering 

A homemade light-scattering photometer and an ALV-500/E 
multiple-tau digital correlator were used. The scattered light 
intensity and the correlation function measurements using the 
homodyne mode were carried out simultaneously. A vertically 
polarized Ar ion laser operating at 488.0 nm was used as an 
incident beam, and vertically polarized scattered light was detected 
using the photon-counting method. A cylindrical cell of 10-mm 
outer diameter was placed in a thermostated silicon oil bath, the 
temperature of which was controlled to within 0.01 °C. Optical 
clarity of the sample solutions was achieved by combined use of 
centrifugation and filtration. 

A conventional Zimm plot of the square-root form was 
employed to obtain the weight-averaged molecular weight, M„, 
the second virial coefficient, A 2 , and the radius of gyration, R^. The 
hydrodynamic radius, R^,, was obtained using the third cumulant 
analyses for the correlation function and the Stokes-Einstein 
relation. 

Sound velocity and viscoelasticity 

Ultrasonic velocity measurements were performed using a sing- 
around velocimeter at a frequency of 5 MHz on 13 solutions in the 
concentration range from 0.05 to 2.4%. The solutions were 
prepared by heating the mixture of powdered gellan and the 
solvent above 90 °C, and the solutions were poured into the cell 
maintained at a given temperature. Then, the ultrasonic velocity 
was measured at various temperatures with gradual cooling. 

The dynamic shear moduli of the gellan gum solutions were 
determined over the frequency range from 0.001 to 10 Hz at 25 °C 
using an annular pumping-type rheometer. Measurements were 
performed on nine solutions in the concentration range from 0.9 to 
4.8%. The details of the sound velocity and the viscoelasticity 
measurements have been described previously [4, 5]. 



Results and discussion 

Light scattering 

Characterization of the third gellan gum in 25 mM NaCl 
solution using light scattering was carried out at 25.0 



Table 1 Molecular parameters characterizing the third gellan gum 
in 25 mM NaCl at 25.0 and 40.0 °C 
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10^ A 2 

(cm^ mol/g^) 


i?g (nm) 


7?h (nm) 


RJRh 


25.0 °C 


21.7 


3.69 


95.9 


33.0 


2.91 


40.0 °C 


9.47 


4.48 


45.6 


21.8 


2.09 



and 40.0 °C. The results are tabulated in Table 1. The 
molecular weights at 25.0 and 40.0 °C were 21.7 and 
9.47 X 10"*, respectively, and the ratio is 2.29. According 
to the scheme that gellan exhibits a structural transition 
from the disordered single-stranded coil at high temper- 
ature to the ordered double helix at lower temperature, 
this ratio should be 2. The experimental result of 2.29 is 
consistent with this scheme because our gellan sample 
has a substantial molecular-weight distribution and helix 
formation by more than two strands may take place. 
In fact, where and M„ were determined by 

light scattering and osmometry, respectively, was about 
1.6*. Although our gellan sample was well purified 
and fractionated to some extent, it still had substantial 
polydispersity. In our previous work, molecular 
parameters characterizing gellan molecules (tetramethyl- 
ammonium-type gellan, TMA-gellan, in 75 mM 
tetramethylammonium chloride, TMAC) at 25.0 °C 
were reported [6]. According to these data, the molecular 
weight per unit contour length. Ml, was evaluated as 
660 nm“*. Since the present case is sodium-type gellan. 
Ml should be 613 nm“* for the ordered state assuming 
the same conformation as in TMAC solution. The value 
of Ml for the disordered state can be tentatively 
estimated as half of this, i.e., 307 nm“*. These values 
correspond to the length per saccharide unit of 0.54 nm 
and are reasonable enough. By assuming that the 
molecular-weight distribution is approximated by the 
Schulz-Zimm distribution function with Mw/M„ = 1.6, 
the values of the molecular diameter are 2.4 (25.0 °C) 
and 1.5 nm (40.0 °C), and the values of the persistence 
length have 98 nm (25.0 °C) and 17 nm (40.0 °C); the 
radius of gyration and the hydrodynamic radius were 
calculated using the wormlike chain model. The calcu- 
lated results are shown in Table 2. The same value of 
the persistence length at 25.0 °C as for the previous 
evaluation for TMA-gellan in 75 mM TMAC was used. 
Reasonably good agreement with the experimental 
results of Rg and Rh was obtained. Since the persistence 
length for the disordered single-stranded state is esti- 
mated as 17 nm, the gellan molecule behaves as a fairly 
stiff chain even in this state. Although the experimental 
ratio Rg/Rh at 40.0 °C (2.09) is comparable with the 
predicted value of about 2 for polydisperse Gaussian 



' = 5.8 X 10“* in 25 mM NaCl at 40 °C as determined by 

E. Ogawa 
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Table 2 Molecular dimensions calculated using the wormlike chain 
model. L^, d and q denote the contour length, the diameter, and the 
persistence length, respectively. i?g,exp and i^h.exp mean the experi- 
mental results listed in Table 1 
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random coils in a good solvent, the stiffness of the 
disordered state should not be ignored. This feature 
should be related to the rheological properties of gellan 
gum. 



Sound velocity and viscoelasticity 

Temperature dependence of the shear modulus 

The cooling storage modulus, G', curves for aqueous 
gellan solutions of various concentrations are shown in 
Fig. 1. G' increases steeply with decreasing temperature 
below a certain temperature. The gelation temperatures, 
Tg, which were determined as an inflection point in the 
G' cooling curve are shown in Fig. 1. The heat of 
reaction obtained from Eldridge-Ferry plot [7] by using 
these Tg data was 61 kJ/mol. 

The shape of the cooling loss modulus, G", curves 
strongly depends on the gellan concentration. Miyoshi 
et al. [8] have shown that the steep change in G" in the 
higher-temperature region corresponds to the random 
coil-helix transition T^.h- For concentrated solutions 




Fig. 1 Temperature dependence of the storage modulus, G', and the 
loss modulus, G", on cooling for aqueous gellan solutions. is the 
temperature at the inflection of the G' cooling curve. The frequency 
used was 1 Hz 



(2. 4-4. 8%), the G' curves cross the corresponding G" 
curves at temperatures below For 1.0 and 1.5% 
solutions, G" is larger than G', and the crossover of G' 
and G" was not observed. Miyoshi and Nishinari [9] 
suggested that the former rheological behavior can be 
characterized as the sol-gel transition, and the latter 
behavior as the system remaining in the pregel state. 

Concentration dependence 

The differences in ultrasonic velocities between aqueous 
gellan solutions of various concentrations and pure 
water, A F, at 25 and 35 °C are plotted in Fig. 2, together 
with the concentration dependence of viscosities mea- 
sured using a capillary viscometer. As shown in Fig. 1, 
the gellan solutions in the concentration range from 0 to 
2.4% have not undergone the coil-helix transition and 
gelation process at 35 °C. On the other hand, the 
gelation reaction including the conformational and sol- 
gel transition occurs for the solutions in the same 
concentration region at 25 °C. 

For many aqueous solutions, especially for aqueous 
electrolyte solutions, it is well known that AF increases 
monotonically with increasing concentration. AF at 
35 °C increases linearly with increasing concentration, 
and the viscosity at 35 °C increases monotonically with 
increasing concentration; however, the AF plot of 
solutions at 25 °C in Fig. 2 in the concentration range 
from 0 to 2.4% seems to show a deviation from the 
smooth curve. In the concentration range from 0.6 to 
1.0%, AF values do not increase with increasing 
concentration, but decrease appreciably. In this concen- 
tration range, a very steep increase in viscosity was 
observed. At higher concentration, there is again a 




Fig. 2 Concentration dependence of viscosity (f/o) and AF, the 
difference in ultrasonic velocities between gellan solutions and water. 
The temperatures used were 35 °C {triangles) and 25 °C {circles) 
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monotonic increase in A V. Therefore, it can be conclud- 
ed that the ultrasonic velocity in a solution at 25 °C 
approaches that in pure water around 0.8%. We 
tentatively determined the minimum concentration for 
conformational change c^.h as Cr_h = 0.6%. 

These results can be explained by the following two 
propositions. Gellan exists in aqueous solution as a 
randomly coiled form at low concentrations or at high 
temperatures, but changes its conformation continuous- 
ly to the helix form with increasing concentration. Our 
results indicate that the velocity decreases with increas- 
ing concentration, i.e., the adiabatic compressibility of 
the solution increases with increasing concentration. We 
have interpreted the increase in compressibility in terms 
of the dehydration of water molecules associated with 
polymer chains, since bound water is less compressible 
than free water. Therefore the approach of the velocity 
in an aqueous gellan solution to that in pure water 
around 1.0% can be interpreted as the increase in free 
water, which comes from the conformational change of 
gellan molecules. 

Frequency dependence of the shear modulus 

A double-logarithmic plot of the frequency dependence 
of G' and G" at 25 °C for gellan solutions at various 
concentrations is shown in Fig. 3. The slope of the G' 
curves for 4.8 and 4.25% solutions is small at low 
frequencies. Clearly, typical solid behavior was observed 
in terms of the three-element gel model (Zener model). 
0.85 and 1.0% solutions are typical of dilute polymer 
solutions with G' < G" over the measured frequency 
range, and both moduli are strongly frequency-depen- 
dent. 

In order to determine the minimum concentration for 
gelation Cj.g at 25 °C from the sol state to the gel state, 
the following two methods were tried. Power-law [10] 




0,01 0.1 1 10 100 
CO / rad 



Fig. 3 G' and G" at 25 °C plotted against the angular frequency for 
aqueous gellan solutions 



indices («' and «") relating each of the rheological 
variables (G' and G") to the angular frequency (ct») were 
determined using the following relationships; 

G' = G' (ffl/cuo)'’', 

G" = G'iHcoof , 

The intercept values Gq and Gg represent the values of 
G' and G", respectively, at a reduced angular frequency 
((u/fflg) of unity, where tug is a characteristic relaxation 
velocity, n and n" obtained at lower frequencies as a 
function of concentration are shown in Fig. 4. Fless 
et al. [1 1] have shown in a series of papers that dynamic 
mechanical measurements provide a technical tool for 
detecting the gelation precisely. For the critical gel state 
between sol and gel, the complex modulus could be 
expressed by the simple power law («' = n" = 0.5) over 
a wide frequency range. The simple-power-law relax- 
ation was observed at lower frequencies for the solutions 
at concentrations between 3.0 and 3.3% solution. We 
could determine the minimum concentration for gelation 
Cs-g as Cs.g = 3.1%. 

We can also determine Cg.g as the crossover concen- 
tration of G' and G" [8]. The concentration dependence 
of G' and G" is given in Fig. 4. G' and G" crossed over at 
Cs.g = 3.1%. This value is in good agreement with Cs.g 
obtained from the power-law behavior. Accordingly, the 
viscoelastic behavior of gellan solutions in the concen- 
tration range from 0.85 to 3.0% was characterized by 
the viscoelastic liquid model, i.e., the steady-state 
viscosity, and that in the concentration range from 3.3 




Polymer cone. / wt% 



Fig. 4 Concentration dependence of the difference in ultrasonic 
velocities between gellan solutions and water (AF), the power-law 
indices {n' and n"), the moduli (G' and G" at tu = 0.01 rad s“'), the 
steady-state viscosity (ria), and the gel modulus (Gd for aqueous gellan 
solutions at 25 °C 
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to 4.8% by the viscoelastic solid model, i.e., the gel 
modulus. The steady-state viscosity, t]o, and the gel 
modulus, Ge, obtained by analyzing the frequency 
dependence of G' and G" (Fig. 3) [12], and AV are also 
given in Fig. 4. 

With increasing gellan concentration, the presence of 
Na^, which comes from gellan molecules, will inhibit 
mutual repulsion of dissociated carboxyl groups on the 
polymer chains. As a consequence, formation of ordered 
helices might be promoted. The change from random coils 
to helices in solution was characterized as the concentra- 
tion at which AV decreased (c^.h). On further increase in 
concentration, aggregation of helices might be promoted. 
When the number of aggregates of helices exceeds a 
critical value (Cs.g), the viscoelastic behavior changes from 
sol to gel. The increase in the steady-state viscosity is 
obvious in the concentration range from c^.h to c^.g, and 
then as the concentration exceeds Cs.g, Ge appears. 

Time course of the complex shear modulus 
and the sound velocity 

The time course of G' and G" on gelation induced by 
quenching from Tg + 10 °C to Tg for gellan solutions 
at various concentrations is shown in Fig. 5. The details 
of the time-course measurement were described else- 
where [5]. G' and G" appear to increase slowly with time 
initially, and then the increase becomes steeper. For 
different concentrations of gelation, the overall kinetics 
can be decomposed into two processes; namely the rapid 




Fig. 5 The time course of G' and G" by quenching from the gelation 
temperature + 10 °C to for aqueous gellan solutions. The 
frequency used was 1 Hz 



one and the slow one. The time range of the slow process 
which was characterized by the steep increase in G' and 
G" shifts to shorter time with increasing gellan concen- 
tration. On the other hand, the rapid process shows little 
variation with concentration. 

The time-course curves of sound velocity on gelation 
induced by quenching from 35 to 25 °C for 1.0 and 
3.0% gellan solutions are shown in Fig. 6, together with 
the corresponding time-course curves of G' and G". AV 
decreases appreciably with time, and approaches an 
asymptotic value. Flere, AV(t) at 5000 s - A V(t), instead 
of AV(t), was plotted against the elapsed time, t. It 
appears that the time course of A K is in good agreement 
with that of the rapid process in the plots of G' or G" 
versus time. Therefore, the rapid process may corres- 
pond to the change of gellan conformation from coils 
to helices. Obviously, the slow process relates to the 
transition from sol to gel. 

In previous work [4, 5], the sound velocities and 
viscoelasticities for aqueous solutions of the first gellan 
were measured over the temperature range from 15 to 
81 °C. The decrease in the sound velocity difference 
between the solutions and pure solvent was observed 
near the gelation point; that is, Cr_h was very close to Cs.g 
as Cs.g = 0.5% at 25 °C. The influence of the gelation 
of the aqueous second gellan solutions on the dynamic 
viscoelastic behavior was also investigated previously 
[12]. It was found that c^.h was 0.55%, and Cs_g was 
1.1%. The increase in Cs.g from the first to the third 
gellan was remarkable, and hence also the decrease in 
the ability of gelation; however, the increase in Cr_h was 




Fig. 6 The time course of the difference in ultrasonic velocities 
between gellan solutions and water, and G' and G” by quenching from 
35 to 25 °C for 1.0 and 3.0% aqueous gellan solutions. The frequency 
used was 1 Hz 
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very slight. The gelation of aqueous gellan solutions may 
be composed of two processes; namely, the formation of 
double-stranded helices and the formation of bundles of 
the helices [13]. Accordingly, the gelation of aqueous 
gellan solutions may be dominated by the extent of the 
interaction with several double-stranded helices com- 
bined with each other. 

Finally, with increasing concentration, the sound 
velocity difference between the solution and solvent 
passes through a maximum at about 0.6 wt% and then 



decreases fairly steeply; further increase of gellan 
concentration brings about a monotonous increase. On 
the other hand, the simple-power-law relaxation for the 
storage and loss moduli at low frequencies was observed 
around 3.1 wt%. These characteristics can be interpre- 
ted in terms of the coil-helix and sol-gel transition, 
respectively. 
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Discussion 

Takigawa You discussed the sol-gel transition of the 
gellan/water system based on the data of the sound 
velocity as well as the viscoelasticity. Concerning the 
former, have you obtained some information on the 
attenuation coefficient in the ultrasonic measurements? 

Nakamura We carried out the sound velocity measure- 
ment by the sing-around method (5 MHz). Although 



the wave intensity decreases with increasing gellan 
concentration, we believe that the influence of the 
absorption by relaxation for an aqueous gellan soln- 
tion on the sound velocity measurement was negligibly 
small at 5 MHz. Certainly, it is of interest to observe 
the sound absorption. Especially, the attenuation 
coefficient may furnish some interesting information 
regarding the molecular state and the structure of 
gellan in solution. 
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Abstract Rheological properties of 
the gellan/water system were inves- 
tigated. Frequency dispersion curves 
of dynamic storage and loss moduli 
(G' and G", respectively) for gellan/ 
water at 5 wt% showed solidlike 
behavior at low temperatures. The 
values of G' and G" appeared to 
decrease with increasing time after 
gelation. The temperature dispersion 
curve of G' on heating showed a 
shoulder in the transition region, 
while no shoulder was observed on 
the cooling curve. This indicated 
that the effect of aging on the 
rheological properties of the gels 
becomes larger at low temperatures. 
At 2 wt%, where the system remains 
liquid, little effect of aging on the 
rheological properties was observed. 



The activation energy of flow was 
estimated to be 30 kJ/mol for the 
gellan/water system in the random- 
coil conformation from the temper- 
ature dependence of the zero-shear 
viscosity. Two types of concentra- 
tion dependence have been observed 
for the gellan/water system: one 
corresponds to the curve for gellan 
in the random-coil form at high 
temperatures, and the other is for 
the curve in the helical conformation 
at low temperatures. The depen- 
dence curves at the intermediate 
temperatures show the transition 
behavior. 

Keywords Gellan • Sol • Rheology • 
Zero-shear viscosity • Temperature 
dependence 



Introduction 

Gellan gum is widely used in the food industry because 
concentrated solutions of gellan form transparent and 
strong gels [1]. Aqueous solutions of gellan at high 
concentrations form gels at low temperatures, and the 
aggregates of double helices as well as the double-helical 
strands are believed to act as cross-links in the gels, 
whereas the molecules are in the random-coil confor- 
mation at high temperatures [2, 3]. At very low polymer 
concentrations, the system cannot form the gel even at 
low temperatures, but forms a sol where cross-links 
exist. The sol may contain the aggregates of the helical 
domains at higher concentrations. Although the sol is 
not a homogeneous solution, the system is still a liquid. 
Many studies have been made to clarify the structure 
and properties of the gellan/water system [4]. Among the 



properties, rheological properties of the system have 
been investigated extensively because of scientific inte- 
rest as well as industrial importance; however, the 
studies have focused mainly on the properties of the gels, 
and the rheological properties of the sols still remain 
unclear at present. The main aim of this study is to 
examine the rheological properties of gellan in the liquid 
state in terms of the zero-shear viscosity. 



Experimental 

The gellan used was of the third distribution of the common sample 
supplied by San-Ei Gen F. F. I., Japan. Details of the character- 
istics of the sample are described in the papers by other research 
groups [5, 6]. No further purification was made for the gellan 
sample. Solutions of gellan were prepared by dissolving the powder 
in distilled water at 90 °C for 1 h. The polymer concentration (c) 
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ranged from 0.5 to 5 wt%. The dynamic storage modulus (G') and 
the loss modulus (G") of 0.5 wt% solutions were measured using 
a Vilastic 3 (Vilastic Scientific, USA) using a capillary of diameter 
0.3 mm in angular-frequency-(co)-sweep mode. Dynamic viscoelas- 
tic functions for the specimens at c > 0.5 wt% were measured using 
a DynAlyser (Reologica, Sweden). The geometry employed was 
a combination of bob and cup. In the temperature-sweep 
experiments, the dynamic viscoelasticity on heating was measured 
first and then the measurement on cooling was made at to = 1 s“'. 
The cooling and heating rates were both 2 °C/min. A series of 
frequency-sweep experiments were initiated at the highest temper- 
ature (60 °C) and the temperature was lowered by 10 °C after 
finishing a sweep. The experiment was terminated with the 
measurement at 10 °C. The maximum strain amplitude applied to 
the system was 0.3 for both rheometers. The zero-shear viscosity 
(rjo) was calculated by [6]. 



m = lim 

C7— *0 



G"(m) 



(1) 



Results and discussion 

The temperature dispersion curves of G' and G" for the 
gellan/water system at 5 wt% are shown in Fig. 1. As 
can be seen from Fig. la (the dispersion curves on 
heating), G' and G" at low temperatures are almost 
constant, and both modnli show a steep change around 
40 °C. The steep decrease with increasing temperature 
is induced by the conformational transition of the 
gellan molecules from helix to random-coil. When 
the temperature is raised further, the G' curve continues 
to decrease but a shoulder appears at about 45 °C, 
while G" decreases monotonically. The shoulder corre- 
sponds to the melting of large aggregates formed in the 
system at low temperatures. In the dispersions on 
cooling (Fig. lb), G' and G" increase gradually at high 
temperatures as the temperature is lowered, and 
the steep change occurs around 40 °C for both curves. 
The G' curve on cooling does not show a shoulder in 
the transition region, in contrast to the curve on 
heating, indicating that a large hysteresis exists in the 
G' cnrve at the transition. After the steep change, the G' 
and G" curves leveled olf in the low-temperature 
region. It is clear by comparing both figures that there 
is a large difference in the leveled-off values of G' and 
G" • G' and G" on heating are lower than on cooling. 
The difference originates from the effect of aging, as 
discussed later. 

Similar plots for the 2 wt% gellan/water system are 
shown in Fig. 2. The steep change in G' and G", 
originating from the conformational transition of the 
molecules, is observed at 30-35 °C in both heating and 
cooling curves. For this specimen, the shoulder is not 
observed in the G' curve on heating. The G' curves on 
heating at 3 and 4 wt% also did not show the shoulder, 
although we do not show the curves here. This suggests 
that large aggregates composed of the helical domains 
are not formed at c lower than 5 wt%. Similar results 





Fig. la, b Temperature dispersion curves of the dynamic storage 
modulus (G') and the loss modulus (G") for the 5 wt% gellan/water 
system, a The results on heating and b those on cooling 



have been obtained by Miyoshi and Nishinari [6, 8]. 
As can be seen from the figure, the G" curve on cooling 
coincides well with that on heating at low temperatures, 
but the G' curve on cooling is slightly different from that 
on heating. 

Plots of G' and G" versus m for the 5 wt% gellan 
system are shown in Fig. 3. It is clear from Fig. 3a that 
at 50 and 60 °C G' is proportional to in the wide 
range of m. In the temperature range of 10-30 °C, the G' 
curve depends weakly on m but still keeps high values. 
This is because the system at these temperatures is 
in the solid (gel) state, as reported by Miyoshi and 
Nishinari [8]. The dispersion curve moves downwards 
with decreasing temperature. According to the theory of 
rubber elasticity [9], the modulus is proportional to the 
absolute temperature; however, the difference in the G' 
values for the three curves is rather large compared with 
the difference in the absolute temperature. This means 
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Fig. 2a, b Temperature dispersion curves of G' and G" for the 2 wt% 
gellan/water system, a The results on heating and b those on cooling 

that the difference in G' cannot be explained by the 
theory. As stated in the Experimental section, a series 
of CO sweep measurements were made in the course of 
cooling. The gel at lower temperatures has a longer time 
after gelation. For physical gels, the structure just after 
gelation is highly unstable because gelation is not 
achieved at equilibrium, and then the structural change 
toward the equilibrium state will progress with increas- 
ing time. This will make the properties of gels time- 
dependent and the effect of aging becomes important in 
considering the properties of gels. The difference in G' 
may reflect the effect of aging. The existence of the 
equilibration process is also supported by the fact that 
at 5 wt% a shoulder was observed in the temperature 
dispersion curve of G' on heating, while the curve on 
cooling did not show the shoulder (Fig. 1). The structure 
corresponding to the shoulder must be formed in the 
course of equilibration. 

As can be seen from Fig. 3b, the G" curves at 50 and 
60 °C show the relation G" ^ m in the wide range of co. 
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Fig. 3 Frequency dispersion curves of a G' and b G" for the 5 wt% 
gellan/water system 



The curve at 40 °C is shifted to the upper side compared 
with those at 50 and 60 °C, but can also be approximated 
by a line of slope unity at the low m limit. This indicates 
that the system is in the liquid state at and above 40 °C, 
although the system at 40 °C may contain helical 
domains inducing a large enhancement in viscosity. 

Similar plots for the 2 wt% system are shown in 
Fig. 4. Here, the G' curves shown were limited to the 
temperatures of 10-30 °C due to the difficulty in G' 
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(b) log ( (0 / s'' ) 



Fig. 4 Frequency-dispersion curves of a G' and b G" for the 2 wt% 
gellan/water system 

measurements at higher temperatures. Comparing the G' 
curves at these temperatures, the curve shifts upwards 
with decreasing temperature. Similar behavior is also 
observed for the corresponding G" curves. These results 
are quite opposite to the results obtained at 5 wt%. The 
regularity observed at 2 wt% may indicate that the 
present system does not form a gel even at low 
temperatures, because no large reduction in G' and G" 
due to equilibration exists. Of course, the equilibration 



process must exist for the sols as well as for the gels. For 
the sols, however, equilibration occurs for finite clusters. 
Although the change may involve aggregation, it occurs 
predominantly in the dispersed phase. Consequently, the 
rheological properties of the sols are less sensitive to 
aging than those of the gels. The G" curves at 50 and 
60 °C have the relation G" ^ co in the wide a> range, 
and the relation also holds at very low to for the system 
at 40 °C. 

The frequency dependence of G" for the 0.5 wt% 
gellan system is shown in Fig. 5. The curves at 
temperatures higher than 10 °C show the characteristic 
of flow in the range of co investigated, although the data 
points at low m are a little scattered. The curve at 10 °C 
lies well above the other curves, and is also different in 
shape. The curve, however, appears to have an asymp- 
totic line of slope unity at the low m limit, indicating 
clearly that the system is in the liquid state even at 10 °C. 

The temperature dependence of » 7 o for the gellan/ 
water system is shown in Fig. 6. At 0.5 wt%, the data 
points at temperatures higher than 10 °C fall on a single 
line, although they are scattered slightly. The values 
of ri Q at 10 °C are much higher than those at higher 
temperatures. The temperature-dependence curves at 
higher c are similar to that at 0.5 wt%, but the 
temperature around which rjo changes drastically as c 
increases. The steep change in the concentration-depen- 
dence curve of rjo occurs around the concentration 
where the molecules show the helix-coil transition. 
The transition temperature is strongly affected by the 




log ( m / s ' ) 



Fig. 5 Frequency-dispersion curves of G" for the 0.5 wt% gellan/ 
water system 
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Fig. 6 Temperature (7) dependence of the zero-shear viscosity (i?,,) pig. 8 Concentration dependence of 17 ,, for the gellan/water system 
for the gellan/water system 



3 I 1 1 1 [ 1 1 r 



0 


0.5 wt% 


□ 


1 .0 wt% 


0 


2.0 wt% 


A 


3.0 wt% 


7 


4.0 wt% 


-f 


5.0 wt% 



1 \- 




.3 I I I I I I I 1 I 

2.8 3.0 3.2 3.4 3.6 

1 0’ T ' / K ' 



Fig. 7 tjo plotted against reciprocal temperature (1/7) for the gellan/ 
water system 



concentrations of salts [10]. In the case of Na^, 
the transition temperature becomes higher with increas- 
ing Na^ concentration. Since the gellan molecules used 
contain Na^ as counterions, the Na^ concentration 
increases with increasing c due to the self-dissociation of 
the molecules in water, giving higher transition temper- 
atures for the specimens at higher c [10]. rjo is plotted 
logarithmically against the reciprocal temperature in 
Fig. 7. The line at each value of c is drawn for the data 
points at temperatures where the molecules are in the 
random-coil conformation. As can be seen from the 
figure, the lines approximate well to the experimental 
data. The line shifts upwards as c increases, but the 
slope remains almost constant. The slope gives a value 
for the activation energy of flow of 30 kJ/mol, inde- 
pendent of c. 



The concentration dependence of tjo at various 
temperatures is shown in Fig. 8. Comparing the curves 
at 50 and 60 °C, the curve at 50 °C is located above that 
at 60 °C, but the two curves are almost identical in 
shape. At these temperatures, riQ increases gradually 
with increasing c, as in the case of normal polymer 
solutions, suggesting that the helix-coil transition does 
not occur, at least in the c region investigated here; 
namely, the curves correspond to the c dependence for 
the solutions of gellan in the random-coil conformation. 
On the other hand, the two data points at 10 °C show 
high values, and the curve for the data points corre- 
sponds to the dependence for gellan sols in the helical 
conformation, although the values may be affected to 
some extent by the effect of the formation of large 
aggregates. When c increases further, the viscosity curve 
will actually diverge at a certain concentration even if 
the system does not contain aggregates, because the 
helical domain for gellan is a double helix which can act 
as a cross-link. At 20 °C, the data point for rjQ at 
0.5 wt% is close in position to the curves for 50 and 
60 °C, indicating that the data point corresponds to the 
values of r]Q in the random-coil. Since the data point at 
1 wt% is close to the curve for 10 °C, f/o at 1 wt% 
corresponds to the values for the helical polymer. The 
transition observed by t]o occurs between 0.5 and 1 wt% 
at 20 °C. At 30 °C, the transition occurs at higher c than 
at 20 °C, and the curve at 40 °C shows the steep change 
around 4 wt%. 
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Discussion 

Nakamura The G' and G” data at 50 and 60 °C for 5% 
solution (Fig. 3a, b) varied as G' ^ oP', G" ^ m at lower 
frequencies. Can we obtain any information on the 
molecular-weight distribution of the third gellan by 
analyzing these data? 

Takigawa We are a little bit surprised at the flow 
behavior of the solution at high temperatures, especially 
at G' ^ (j/. The value of for the third distribu- 

tion is about 1.6 at 40 °C according to the data in the 



papers by Professors Ogawa and Kubota. The value is, 
of course, that of the randon-coil conformation. For 
synthetic polymers such as polystyrene, the terminal 
behavior, G' ^ o/, is observed only when the sample is 
monodisperse, namely, the M^jM^ value is smaller than 
1.1, and G' shows a weaker m dependence than G' ^ o/ 
for the polymers with broader molecular-weight distri- 
bution. We do not know at present why the third 
distribution gellan behaves as a monodisperse polymer 
in the flow zone. That might be a characteristic of the 
polymer itself. 
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Abstract The effects of monovalent 
and divalent cations on the rheo- 
logical and thermal properties of 
gellan gum aqueous solutions have 
been monitored using rheological 
measurements and differential scan- 
ning calorimetry (DSC). The transi- 
tion temperatures of coil-helix, 
and sol-gel, in gellan gum 
solutions were detected by both 
thermal scanning rheology and 
DSC. The phase diagrams of gellan 
gum solutions with and without 
monovalent cations consisting of 
three regions (sol-I, sol-II and gel) 
were proposed. The order of effec- 
tiveness of the monovalent cations in 
promoting ordered structures fol- 
lowed the Hofmeister series 
Cs+ > K+ > Na+ > Li + . The 
experimental results indicated that 
gelation of gellan gum occurred with 
the subsequent aggregation of helic- 
es, and the gellan gum systems where 
Teh and T^g occurred individually 
did not show thermal hysteresis in 
the cooling and heating processes; 
however, the gellan gum systems 
where and T^g occurred concur- 
rently involved the thermally stable 



junction zones formed by fairly well 
aggregated helices, and so these 
systems showed conspicuous ther- 
mal hysteresis. The gelation mecha- 
nism of gellan gum in the presence of 
divalent cations was substantially 
different from that with and without 
monovalent cations. On cooling, the 
divalent cations immediately inter- 
acted with gellan gum segments to 
form the specific ordered structures 
at temperatures higher than T^h- 
With progressive addition of diva- 
lent cations, these ordered structures 
stabilized by divalent cations in- 
creased stoichiometrically and be- 
came extremely thermally stable. It 
is suggested from rheological results 
that the ordered structures involving 
the specific cation-polyanion inter- 
action could lead to the formation of 
an elastic gel. Judging from the DSC 
results, they were gradually melted 
at various temperatures by the sub- 
sequent heating. 

Key words Gellan gum • Sol-gel 
transition • Differential scanning 
calorimetry • Salt • Oscillatory 
measurement 



Introduction 

Gel-forming polysaccharides have long been used in the 
food industry in a wide variety of products. With 
increasing use of processed and simulated foods, greater 
efforts have been made to create unique textured food 
products. The textural properties of processed and 



simulated foods are mainly controlled by polysaccha- 
rides or proteins [1, 2]. Many scientists, especially in the 
industrialized countries, are now greatly interested in 
the potential of these polysaccharides as dietary fibre, 
or in the formulation of low-fat and low-calorie foods. 
Recently, with increasing global environmental prob- 
lems, there has been growing interest and demand for 
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traditional polysaccharides, because polysaccharides are 
ecological and biodegradable. Most industrial polysac- 
charides originate from seaweeds, cultivated plants or 
microbial sources. Seaweeds or cultivated plants depend 
on the capriciousness of nature, and so the polysaccha- 
rides originating from them have the problem of 
differences between the various commercially available 
products. Since microbial polysaccharides are produced 
by fermentation processes, they can be produced on 
demand and with consistent quality. 

Gellan gum is a microbial polysaccharide produced 
by fermentation of the organism Pseudomonas elodea. 
It is composed of tetrasaccharide (/i-D-glucose, /i-D- 
glucuronic acid, /i-D-glucose and a-L-rhamnose) repeat 
units, containing one carboxyl side group [3, 4]. Gellan 
gum is widely used in the food industry and in 
biotechnology because it has novel functional properties 
[5]. Gellan gum can function at very low concentrations 
and can be adapted to many applications [5]. Moreover, 
gellan gum can provide a wide range of gel textures by 
careful control of added salts, and so these gels give the 
same texture as other polysaccharide gels or create new 
textures [5]. Gellan gum is a very attractive material, and 
many research groups have already reported [6-22] the 
physicochemical properties of gellan gum; however, the 
gelation mechanism of gellan solutions has not been 
clarified sufficiently. As is well known for polyelectro- 
lytes, the metal content and the type have strong 
influence on their solution and gel properties. A good 
sample of sodium-form gellan gum with high purity was 
prepared by San-Ei Gen F.F.I. (Osaka, Japan), and was 
distributed to 15 laboratories of various disciplines. This 
sample is much better than the previous sodium-form 
gellan gum sample, and can be used without further 
purification, even to estimate the molecular weight of 
gellan gum by osmotic pressure or light-scattering 
measurements. In the present work, the rheological 
and thermal properties near the sol-gel transition in 
gellan gum aqueous solutions were investigated by 
rheological measurement and differential scanning cal- 
orimetry (DSC). Experimental results were compared 
with the previous results [16-21] for the previous 
common sample. 



Materials and methods 

A purified sodium-form gellan gum sample kindly supplied by San- 
Ei Gen F.F.I., Osaka, Japan, was used in the present work. The 
contents of the inorganic ions Na^, K^, Ca^'*' and Mg^'*' were 
determined to be 2.59, 0.009, 0.02 and 0.001%, respectively, which 
are far less than the contents of the inorganic ions for the previous 
common sample [22] of 3.03, 0.19, 0.11 and 0.22%, respectively. 
LiCl, NaCl, KCl, CsCl and CaCb used in the present study were 
extra-fine-grade reagents (Wako Pure Chemical Industries, Osaka, 
Japan), and were used without further purification. 

The gellan gum solutions were prepared in the same way as 
described previously [16, 21]. The concentration of the gellan gum 



solutions was varied from 1 to 5 wt%. For samples containing 
salts, the concentration of the gellan gum solutions was fixed at 0.5 
or 1 wt%, and the concentration of LiCl in the solutions ranged 
from 5 to 160 mM, that of NaCl, KCl or CsCl ranged from 5 to 
100 mM and that of CaCb ranged from 0.05 to 14 mM. 

Rheological measurements 

Mechanical spectra and thermal scanning rheological measure- 
ments were performed within a linear viscoelastic regime with a 
dynamic stress rheometer from Rheometrics Co., N.J., USA, using 
a parallel-plate geometry of 50-mm diameter with radial grooves to 
avoid gel slippage [16, 18-21]. The details of the rheological 
measurements have been described previously [16, 21]. 

DSC measurements 

DSC measurements were carried out using a Setaram micro DSC- 
III calorimeter (Caluire, France) [17-21]. The sample and reference 
pans were placed inside the calorimeter and heated to 110 °C and 
maintained at this temperature for 10 min to make the mixture a 
homogeneous solution. Then the temperature was lowered to 5 °C 
at 0.5 °C/min and raised again at the same rate up to 110 °C. 
Finally, the temperature was scanned up and down at the same 
rate, and the enthalpy profiles were recorded. The details of the 
DSC measurements have been described previously [17]. 



Results and discussion 

Rheological and thermal behaviour 
near the sol-gel transition 

Cooling and heating DSC curves for gellan gum 
aqueous solutions of various concentrations without 
salt at cooling and heating rates of 0.5 °C/min are shown 
in Fig. 1. The cooling curve for a 1% gellan gum 
aqueous solution without salt showed a single exother- 
mic peak at 25.2 °C, and the heating curve showed a 
single endothermic peak at 26.8 °C, and these temper- 
atures were about 4 °C lower than those obtained for a 
1% solution of the previous sample [20]. As shown in the 
previous studies [17-21], the order-disorder transition in 
the DSC curves was attributed to the helix-coil transi- 
tion of gellan gum molecules. The cooling or heating 
DSC curves for gellan gum solutions of lower concen- 
trations showed a single exothermic or endothermic 
peak shifting to higher temperatures with increasing 
concentration of gellan gum, which was in good 
agreement with the helix-coil transition observed by 
thermal scanning rheology as described later; however, 
for gellan gum solutions of higher concentrations (above 
4.5%), the endothermic peak on heating split into two 
peaks, while the cooling curve showed only one main 
sharp exothermic peak. The onset of detectable splitting 
occurring at the concentration of the present gellan 
(4.5%) was significantly higher than that for the 
previous gellan (3.2%) [17-21]. The main endothermic 
peak, i.e. the lower-temperature peak of the present 
gellan gum was much sharper even in the concentrated 
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Fig. 1 Cooling and heating diiferential scanning calorimetry (DSC) 
curves for gellan gum aqueous solutions of various concentrations 
without salts. The figures beside each curve represent the concentra- 
tion of gellan gum. Cooling and heating rate of 0.5 °C/min 

solution of 5.5%, although the endothermic peak of the 
previous gellan split into multiple peaks at concentra- 
tions higher than 3.2% and then became more inhomo- 
geneous with increasing concentration of gellan. 
Manning [14] suggested that the lower-temperature peak 
may be caused by the melting of unaggregated helices 
while the higher-temperature peak may be caused by the 
melting of aggregated helices; therefore, most of the 
helices in the present gellan gum molecules seemed to 
exist as unaggregated helices even at higher concentra- 
tion. For the previous sample, the contents of the 
inorganic ions Na^, K^, Ca^^ and Mg^^ were 

determined to be 3.03, 0.19, 0.11 and 0.22%, respectively 
[16-21]. For the present sample, the contents of the 
inorganic ions Na^, K^, Ca^^ and Mg^^ were 

determined to be 2.59, 0.009, 0.02 and 0.001%, respec- 
tively, and so the contents of metal ions in the present 
sample, especially, and divalent cations, were much 
lower than those in the previous sample. Therefore, the 
differences in the thermal behaviour between the pre- 
vious sample and the present sample illustrated in Fig. 1 
were caused by the effect of metal ions in the samples. 

The temperature dependence of the storage modulus, 
G', and the loss modulus, G", during the cooling and 



heating processes for 0.5^. 5% gellan gum aqueous 
solutions at a frequency of 0.1 rad/s and at a scanning 
rate of 0.5 °C/min are shown in Fig. 2. In previous 
studies [18-21], we clarified two transitions of gellan 
gum solutions (the coil-helix transition and the sol-gel 
transition) in the thermal scanning rheological measure- 
ment. The steepest change in G" in thermal scanning 
rheology was attributed to the coil-helix transition, T^h, 
of gellan gum molecules, because this transition tem- 
perature was in good agreement with the characteristic 
temperature where the molecular ellipticity at 204 nm 
showed a steep change in circular dichroism (CD) [23]. 
In concentrated solutions, where the number of aggre- 
gated helices exceeds a critical value on cooling, the 
rheological behaviour changed from sol to gel, and this 
sol-gel transition, T^g, appeared as the crossover tem- 
perature of G' and G" at temperatures lower than Cch in 
thermal scanning rheology. As is clearly seen in Fig. 2, 
for gellan gum solutions of low concentrations (below 
2%), only Tch was observed; however for the concen- 
trated solutions (above 2%), both T].h and were 
observed. Both transition temperatures shifted to higher 
temperatures with increasing concentration of gellan 
gum; moreover, the thermal scanning rheological be- 
haviour for 4.5% gellan gum solution (Fig. 2g) showed a 
slight thermal hysteresis, which coincides with the results 
of DSC (as shown in Fig. 1). 

Figure 3 shows the temperature Teh at which the G" 
increased steeply, and the crossover temperature of G' 
and G", T^g, for gellan gum aqueous solutions during 
cooling as a function of concentration of gellan gum up 
to 5%. At low concentrations of gellan gum (below 2%), 
Tsg could not be observed, and was strongly 
concentration dependent in this concentration range 
(0-2%). At concentrations higher than 2%, T^g could be 
detected and shifted to signihcantly higher temperatures 
with increasing concentration of gellan gum. The 
difference between and T^g gradually decreased with 
increasing concentration of gellan gum. Eventually, for a 
3.5% gellan gum solution, the helix-coil transition and 
the sol-gel transition occurred almost concurrently, 
which indicated that the number of helices formed on 
cooling was enough to prevail over the whole space and 
form a three-dimensional network. For more concen- 
trated gellan gum solutions (above 3.5%), both and 
Egg observed at the same temperature became slightly 
concentration dependent. Three different physical states 
of gellan gum are clearly recognized; coil conformation, 
helix conformation in sol states, and the ordered 
structures which led to the formation of gels. 

The frequency dependences of G' and G" for 1, 2, 2.5, 
3 and 3.5% gellan gum aqueous solutions at various 
temperatures are shown in Fig. 4. The data are shifted 
along both the horizontal and the vertical axes by shift 
factors a and b, respectively, to avoid overlapping [24]. 
These mechanical behaviours were investigated around 
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Fig. 2a-g Temperature dependence of the storage modulus, G', and 
the loss modulus, G", during the cooling and heating processes for 
0.5^. 5% gellan gum aqueous solutions G' (O), G" (A), cooling; G' 
(•), G" (A), heating; frequency of 0.1 rad/s; cooling and heating rate 
of 0.5 °C/min 




Fig. 3 Temperature, (O), at which G" increased steeply, and the 
crossover temperature of G' and G", T^g (•), for gellan gum aqueous 
solutions during cooling as a function of the concentration of gellan 
gum from 0 to 5% 

both Tch and as shown in Fig. 3. In all cases (Fig. 4), 
G' and G" at temperatures higher than were 
significantly small; however, both moduli markedly 
increased on cooling from T^h, which substantiated the 
results of osmotic pressure [25] and small-angle X-ray 
scattering [26] measurements that the disordered struc- 
ture was a single-coiled chain and the ordered structure 
was a double helix. At any temperature on cooling from 
Tch, the viscoelastic behaviour of a 1% gellan gum 
solution (Fig. 4a) is typical of a dilute polymer solution 
with G' < G" throughout the accessible frequency range, 



and both moduli are strongly frequency dependent [27- 
31]. This indicated that a 1% gellan gum solution could 
not form a gel on cooling even to 0 °C. The frequency 
dependence of the moduli for this solution at 25 °C 
tended to G' ^ G" ^ cu, which is a characteristic 
feature of dilute polymer solutions [32]; however, for a 
1% solution at 15, 5 or 0 °C, both moduli of this 
solution deviated slightly from this behaviour [32, 33]. 
For a 2% gellan gum solution (Fig. 4b), T^g was 
observed around 9.4 °C, and so the mechanical spec- 
trum at 5 °C changed to a weak gel behaviour. For a 
2.5% (Fig. 4c) or 3% gellan gum solution (Fig. 4d) in 
a temperature range from Jch to T^g, the mechanical 
spectra were typical of a concentrated polymer solution 
[27-31] which showed a crossover of both moduli at a 
certain frequency, and the crossover point shifted to 
lower frequencies with decreasing temperature. For a 
2.5% solution at 26 °C or a 3% solution at 30 °C, G' 
and G" were equal over the accessible frequency range, 
and the slope of double-logarithmic plots of both moduli 
against frequency was approximately 0.5, as would be 
expected for a critical gel [33]. Winter and Chambon [33] 
have found experimentally that the mechanical behav- 
iour of cross-linking polymers could be described at the 
gel point by a power-law relaxation shear modulus. 
Although this method has been developed for covalently 
cross-linked systems, te Nijenhuis and Winter [30] 
applied it to physical gels, and since then many 
investigations have been carried out to determine the 
gel point for physically cross-linked systems according 
to the Winter-Chambon method [30]. However, differ- 
ent relaxation exponents («) were found depending on 
the stoichiometry, the concentration and the molecular 
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vertical axes by shift factors a and b, respectively, to avoid overlapping 
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weight of the polymer, the chain stiffness and the 
thermal history [30]. Percolation theory has predicted 
the universal value of « = 2/3 assuming Rouse-like 
dynamics [34], It has been reported that n for gelatin 
solutions in the critical state is around 0.66 [30], and n 
for pectin solutions is around 0.7 [35], which are in 
satisfactory agreement with the percolation theory 
predicted value (2/3). Recently, it has been reported 
[24] that the value of n for 1% !-carrageenan solution 
was 0.42, and n tended to decrease monotonically with 
increasing concentration of i-carrageenan. In the present 
work, the results obtained at (for a 2.5% gellan gum 
solution at 26 °C and a 3% gellan gum solution at 
30 °C) are in good agreement with the critical gel (state 
at the gel point) in the Winter-Chambon model, which 
should satisfy the relation G"/G' = tan((5) = tan(7i«/2), 
which, for n = 0.5, yields G"jG' = tan(7i/4) = 1. 

For 2.5% and 3% gellan gum solutions at temper- 
atures lower than G' was larger than G" with little 
frequency dependence throughout the accessible fre- 
quency range, which was classified rheologically as that 
of a weak gel [28-31]. The gelation mechanism for a 
3.5% gellan gum solution showed complicated behav- 
iour. As shown in Fig. 3, T/h and Fgg were observed 
at almost the same temperature (42 °C), and so the 
mechanical spectra for this solution showed a drastic 
change around the transition temperature. This solution 
at temperatures slightly higher than the transition 
temperature showed a liquidlike behaviour; it behaved 
as a dilute polymer solution at 45 °C, and it behaved as 
a concentrated polymer solution at 43 °C. However, at 
42 °C, the behaviour became strikingly different: G' was 
much larger than G" throughout the experimentally 
accessible frequency range and both moduli were 
essentially independent of frequency, as would be 
expected for an elastic gel [28-31]. These behaviours 
seem to be close to those of a true gel, and so these 
systems could be seen as almost perfect networks. 
Therefore, the critical state for a 3.5% gellan gum 
solution could not be obtained around 

As illustrated in Fig. 3, we propose a state diagram of 
gellan gum solution which divides gellan gum states into 
three regions: 

1. Sol-I (gellan gum molecules take a single coil 
conformation). 

2. Sol-II (gellan gum molecules take a helix conforma- 
tion but these ordered structure cannot lead to the 
gel). 

3. Gel (the number of aggregates of helices exceeds a 
critical value on cooling and could form a gel). 

In both sol-I and sol-II phases, the mechanical spectra 
showed liquidlike behaviour, while those in the gel phase 
tended toward that of a weak gel behaviour. Conse- 
quently, three types of gellan gum systems were classified 
rheologically depending on the concentration of gellan 



gum. The first type (a) seems to include gellan gum 
solutions at low concentrations (below 2%) which 
showed only coil-helix transition and could not form a 
gel (sol-I ^ sol-II). The second type (b) seems to include 
the concentrated gellan gum solutions (2%-3.5%) in 
which the coil-helix transition and the sol-gel transition 
occurred separately (sol-I ^ sol-II ^ gel). The third 
type (c) seems to include gellan gum solutions at high 
concentrations (above 3.5%) in which two transitions 
occurred concurrently (sol-I ^ gel). 



Effects of salt on the sol-gel transition 

Cooling and heating DSC curves of a 1% gellan gum 
solution containing LiCl, NaCl, KCl or CsCl of various 
concentrations are shown in Fig. 5. The exothermic 
peak temperature, T^, in the cooling DSC curves and the 
endothermic peak temperature, T^, in the heating DSC 
curves for 1% gellan gum solutions are shown in Fig. 6 
as a function of the concentration of the added salt. 
In the presence of these monovalent cations, the DSC 
cooling curves showed a sharp exothermic peak for all 
cases, with the setting temperature, T^, shifting to 
progressively higher temperatures with increasing con- 
centration of added salt. The exothermic enthalpy 
estimated for a main peak significantly increased with 
increasing concentration of the added salt. At lower 
concentrations of salt, the DSC heating curves also 
showed a sharp endothermic peak. With progressive 
addition of salt, however, the endothermic peak grad- 
ually developed bimodal character and eventually split 
into multiple peaks, and then the endothermic enthalpy 
at higher temperature gradually increased with increas- 
ing concentration of the added salt. These results in 
good agreement with those obtained in the previous 
studies which investigated the effects of NaCl or KCl 
[17-21]. A further addition of salt (100 mM KCl or 
CsCl) shifted the single endothermic peak on heating to 
markedly higher temperatures than the single exother- 
mic peak on cooling, and so the thermal hysteresis 
became far more pronounced in comparison to that 
observed in gellan gum with less salt. The concentration 
at which the endothermic peak began to split into 
multiple peaks increased in the order Cs + < K+ < 
Na ^ < Li ^ . Therefore, the order of effectiveness of the 
monovalent cations in promoting ordered structures 
observed by DSC (Cs^ > K^ > Na^ > Li^) was 
correlated with the dynamic hydration number. 

The temperature Cch at which G" increased steeply, 
and the crossover temperature of G' and G", T^g, for a 
1% gellan gum solution during cooling are shown in 
Fig. 7 as a function of the concentration of the added 
LiCl, NaCl, KCl, or CsCl. These transition temperatures 
were obtained from the results of the thermal scanning 
rheological measurement (data not shown). Upon addi- 
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Fig. 5a-d Cooling and heating DSC curves of a 1 % gellan gum 
solution containing LiCl, NaCl, KCl or CsCl of various concentra- 
tions. The figures beside each curve represent the concentration of 
added salt. Cooling and heating rate: 0.5 °C/min 

tion of any salt of fairly low concentration, shifted 
significantly to higher temperatures compared to that in 
the absence of salt. On further addition of salt, could 
also be detected at temperatures lower than which 
confirmed thaf fhe rheological properfies of gellan gum 
solufions were influenced strongly by the presence of salt, 
because a 1 % gellan gum solution without salt could not 
form a gel even at 0 °C (Fig. 4a). The differences between 
Jch and Tsg rapidly decreased with increasing concentra- 
tion of added salt, and eventually and T^g were 
observed at the same temperature on the addition of salt 
above a certain concentration. The concentration at 
which Tch and T^g began to be observed at the same 



temperature increased in the order Cs + < 
K+ < Na+ < Li^, which coincided with the results of 
DSC (Figs. 5, 6). Moreover, the onset of two transitions 
at Teh and T^g occurring at the same temperature was in 
good agreement with the onset of detectable splitting of 
the endothermic peak in the heating DSC curves (the 
onset of a significant thermal hysteresis) (Figs. 5, 6). 
Therefore, the thermal behaviour of gellan gum solutions 
in the presence of monovalent cations was further 
investigated by comparison with the results obtained by 
rheology and DSC, as described below. 

The temperature dependence of G' and G" during 
cooling and heating processes for 1% gellan gum 
solutions containing CsCl of various concentrations, 
and cooling and heating DSC curves for these solutions 
are shown in Fig. 8. Upon addition of 5 mM CsCl 
(Fig. 8a, e), G" for a 1% gellan gum solution showed 
one steplike change during both cooling and heating, 
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Fig. 6a-d Exothermic peak 
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which was attributed to the coil-helix transition, as scanning rheology. Upon addition of 10 mM CsCl 
mentioned previously. The cooling or heating DSC (Fig. 8b, f), G" for a 1% solution showed two steplike 
curve for this solution (Fig. 8a, e) showed a single changes, and the lower-temperature process at which G' 
exothermic or endothermic peak, and this transition and G" showed a crossover was attributed to the sol-gel 
temperature almost coincided with in the thermal transition, as already mentioned. In the previous studies 
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Fig. 8a-h Temperature dependence of G' and G" during cooling and 
heating processes for 1% gellan gum solutions containing CsCl of 
various concentrations, and cooling and heating DSC curves for these 
solutions. G' (•), G" (A); cooling and heating rate of 0.5 °C/min 

[17-21], no exothermic or endothermic peak was detect- 
ed in the DSC measurement at the sol-gel transition 
temperature determined as the crossover temperature of 
G' and G"; however, in the present work, a small 
exothermic or endothermic peak was clearly detected in 
the cooling or heating DSC curves at the sol-gel 
transition temperature. On further addition of CsCl, 
both Cch and shifted to higher temperatures (Fig. 8c, 
g); however the shift in was far more pronounced 
than that in F^h. In the presence of 20 mM CsCl, 
eventually, F^h and Fjg occurred concurrently, and so 
during the cooling process, this solution showed one 
steplike change of G" and the single exothermic peak 
was observed (Fig. 8d), which involved both the coil- 
helix transition and the sol-gel transition. However, the 
thermal behaviour of this solution in the heating process 
was quite different from that of solutions with less CsCl; 
G" showed two steplike changes and the endothermic 
peaks split into two peaks, which would be expected for 
significant thermal hysteresis (Fig. 8h). The endothermic 
peak at low temperature corresponded with the single 
exothermic peak in the cooling DSC curve; however, the 
other one in the heating DSC curve did not have any 
corresponding exothermic peak in the cooling process. 

It was noteworthy that after the first decrease in G" 
for a 1% gellan gum solution with 20 mM CsCl in the 
heating process (Fig. 8h), both G' and G" showed a 
maximum around the higher-temperature peak in the 
DSC curve. The temperature dependence of the elastic 



modulus for thermoreversible gels was explained on the 
basis of a “reel-chain model” consisting of junction zones 
and flexible chains connecting the junction zones in the 
temperature range lower than the gel-to-sol transition 
[36]. According to this model, the elastic modulus of 
thermoreversible gels is determined by the bonding 
energy, e, which is required for a segment to be released 
from a junction zone, the ceiling number, v, i.e. the 
number of segments which can be liberated from junction 
zones before the gel-to-sol transition occurs, and the 
mean end-to-end distance, v, between junction zones. 
For a small value of e, or v, the elastic modulus for 1 % 
gellan gum solutions with CsCl of low concentrations 
(Fig. 8e-g) decreases monotonically with increasing 
temperature as in the case of K-carrageenan, gelatin and 
many other thermoreversible gels [37]. It is well known 
that the temperature dependence of G' for rubber which 
has large £ shows monotonically increasing behavionr 
with increasing temperature [37]. It has been reported 
that the temperature dependence of E' for agarose gels, 
except for dilute gels, shows a maximum at a certain 
temperature [37]. The temperature dependence of G' for 
1% gellan gum solutions with sufficient salt produced a 
complicated curve: it resembles sinusoidal curves. There- 
fore, £ and V in gellan gum solutions might increase on 
addition of sufficient salt, and so these systems showed 
significant thermal hysteresis. In terms of an entropic and 
energetic contribution, the increase in G' with increasing 
temperature could be explained by a reduction in the 
energetic nature or an increase in the entropic nature in 
gellan gum solutions with sufficient salt. 

A schematic model to explain the gelation mechanism 
for gellan gum solutions is shown in Fig. 9. At higher 
temperatures, gellan gum molecules exist as a single coil 
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Fig. 9a, b Schematic model to explain the gelation mechanism for 
gellan gum solutions in the presence of monovalent cations 

(sol-I). On cooling, gellan gum chains associate by the 
formation of double helices to form a certain ordered 
structure, which contributes to the steepest increase in 
G" in the thermal scanning rheology and the main 
exothermic peak observed in the cooling DSC curves. 
However, this ordered structure in itself does not lead to 
the formation of a gel network (sol-II). Gelation occurs 
with subsequent aggregation of these helices mediated 
by cations, and so the sol-gel transition appeared at 
temperatures lower than the coil-helix transition, which 
correponds to the crossover of G' and G" in thermal 
scanning rheology and the other small exothermic peak 
observed in the cooling DSC curves (Fig. 8). Gellan gum 
systems, in which two transitions occurred separately 
(sol-I <=^ sol-II <=^ gel), do not show thermal hysteresis 
in the cooling and heating processes (thermoreversible) 
(Fig. 9a). Thus, the temperature at which Fch or is 
observed during the cooling process is almost the same 
as that during the heating process. The difference 
between Teh and T^g decreased with increasing concen- 
tration of the added salt (or gellan gum). Eventually, for 
gellan gum in the presence of sufficient salt or in the 
sufficiently concentrated gellan gum solution, individual 
helices are formed and immediately the aggregation of 
helices occurred in the cooling process, and Teh and T^g 
are observed at almost the same temperature (Fig. 9b; 
cooling). Moreover, these systems involve the thermally 
stable junction zones formed by fairly well aggregated 
helices, and so these solutions show large thermal 
hysteresis. The splitting of an endothermic peak into 
more than two peaks in the heating DSC curves was 
interpreted as follows: during the heating process, the 
unaggregated helices melt at lower temperature and then 
the aggregated helices mediated by specific binding of 
cations melt at higher temperatures. Therefore, although 
the gellan gum solutions in the presence of sufficient salt 
show two steps during the heating process, these steps 
are substantially different from the coil-helix transition 
and the sol-gel transition observed for gellan gum 
solutions with salt of low concentrations. The large 
thermal hysteresis, observed in both thermal scanning 



rheology and DSC, suggests that the junction zones of 
gellan gum solution with sufficient salt involve thick 
bundles of aggregated helices, as in the case of the 
gelation of agarose [38]. The presence of sufficient gel- 
promoting cations seemed to play an important role in 
stabilizing the junction zones of gellan gum. 

Manning [14] has shown a similar schematic repre- 
sentation of sol-gel transition on the basis of DSC, 
optical rotation and rheological studies of gellan in the 
presence of sodium chloride, and a similar model has 
been suggested by Gunning and Morris [39]. Our 
interpretation may be consistent with theirs [14, 39], 
however, this interpretation must be inapplicable to the 
gelation mechanism of gellan gum in the presence of 
divalent cations, as discussed later. 

The temperature dependence of G' and G" during the 
cooling and heating processes for 1% gellan gum 
solutions containing CaCl 2 of various concentrations, 
and cooling and heating DSC curves for these solutions 
are shown in Fig. 10. The thermal behaviour in the 
presence of divalent cations was quite different from that 
in the presence of monovalent cations. On addition of 
CaCl 2 of a fairly low concentration (1 mM), the 
crossover of G' and G" was observed around 5 °C 
during the cooling process (Fig. 10a), which indicated 
that this system could form a gel on cooling; however, 
the clear exothermic peak corresponding to the sol-gel 
transition could not be observed in the cooling DSC 
curve. During the heating process, the temperature at 
which a steep decrease in G" was observed was slightly 
higher than that of the main endothermic peak observed 
in the heating DSC curve; moreover, many small peaks 
were observed at higher temperatures than the main 
peak (Fig. lOe). On addition of only 1.2 mM CaCl 2 , G" 
showed one steplike change around 35 °C on cooling, 
and at lower temperatures G' was significantly larger 
than G". On further addition of CaCl 2 , both G' and G" 
drastically increased, which indicated that an elastic gel 
could be formed by the addition of sufficient divalent 
cations (Fig. 10c, d). However, the height of the 
exothermic peak in the cooling DSC curves gradually 
decreased with increasing concentration of CaCl 2 
(Fig. lOa-d), and this tendency was obviously different 
from that in the presence of monovalent cations. 
Moreover, the behaviour of gellan gum solutions with 
CaCl 2 during the heating process became more compli- 
cated. Although the endothermic enthalpy estimated for 
a main peak gradually decreased with increasing con- 
centration of CaCl 2 , the endothermic peaks even with 
2 mM CaCl 2 were clearly recognized (Fig. lOh). How- 
ever, the thermal scanning rheology results showed that 
for gellan gum solutions containing more than 1.2 mM 
CaCl 2 (Fig. lOf-h), no remarkable change in G' and G" 
was observed during heating up to 60 °C. 

The temperature dependence of G' for a 1% gellan 
gum solution with 1.2 or 1.5 mM CaCl 2 showed a 
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Fig. lOa-h Temperature de- 
pendence of G' and G” during 
cooling and heating processes 
for 1% gellan gum solutions 
containing CaCla of various 
concentrations, and cooling and 
heating DSC curves for these 
solutions G’ (•), G" (A); cool- 
ing and heating rate of 
0.5 °C/min 




maximum at a certain temperature; however, on further 
addition of CaCl 2 , G' for 1% gellan gum solutions 
decreased monotonically with increasing temperature. 
The behaviour could be explained by a “reel-chain 
model” and thermodynamic quantities involving internal 
energy and entropy, as mentioned previously. On addi- 
tion of CaCl 2 of certain concentrations, flexible chains 
connecting the junction zones increased, and so these 
systems showed entropic elasticity. In the presence of 
sufficient CaCl 2 , the size of the ordered structures formed 
by specific interaction between Ca^^ and carboxyl 
groups of gellan gum became drastically larger, and as 
a result, the number of flexible chains might decrease. 



Cooling and heating DSC curves of a 1% gellan gum 
solution containing CaCl 2 of various concentrations 
are shown in Fig. 11. The concentration of CaCl 2 is 
represented stoichiometrically. The concentration is also 
expressed as a percentage of the stoichiometric require- 
ment of the carboxyl groups of gellan gum molecules. 
Thus, a 1% gellan gum solution has 13.9 mN carboxyl 
groups, and so each percentage was calculated as 
[Ca2 + (mN)/COO“(mN)] x 100(%). In the cooling DSC 
curves, shifted slightly to higher temperatures on 
addition of CaCl 2 , and on addition of 3 mN CaCl 2 , the 
second exothermic peak began to develop at a higher 
temperature and this peak shifted to higher temperatures 
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Fig. 11 Cooling and heating 
DSC curves of a 1 % gellan gum 
solution containing CaCl 2 of 
various concentrations. The 
figures beside each curve repre- 
sent the concentration of added 
CaClz 




with increasing concentration of CaCl 2 . Although the 
total exothermic enthalpies in the cooling DSC curves 
significantly decreased with increasing concentration of 
CaCl 2 , the second exothermic enthalpy gradually devel- 
oped and then upon addition of 10 mN CaCl 2 , two 
exothermic peaks merged into one peak on the higher- 
temperature side. During the heating process, the 
endothermic enthalpy estimated for a main peak mono- 
tonically decreased with increasing concentration of 
added CaCl 2 , although many other small peaks appeared 
at higher temperatures. Moreover, the endothermic 
peaks for gellan gum solution with 14 mN CaCl 2 were 
too broad to be resolved from the baseline, although the 
exothermic peak was sharp and readily recognized. 

The endothermic enthalpy determined from the 
heating DSC curves for 1% gellan solutions as a 
function of the concentration of CaCl 2 is shown in 
Fig. 12. The decrease in the endothermic enthalpy with 
increasing concentration of Ca^^ was found to be linear, 
and the extrapolation to zero enthalpy approached the 
Ca^^ concentration of stoichiometric equivalence 
(100%). The reason may be explained as follows. During 
cooling, Ca^^ immediately bound to the carboxyl 
groups of gellan gum molecules in proportion to 
stoichiometric equivalence, and so the remaining parts 
of the disordered gellan gum molecules could contribute 
to the enthalpy change accompanying the formation of 
double helices. This may explain the fact that 
the exothermic peak began to split into two peaks in 
the presence of 3, 4 and 6 mN CaCl 2 (Fig. 1 1). Thus, the 
higher-temperature exothermic peak was attributed to 
the formation of ordered structures caused by the site- 
binding of Ca^^ to carboxyl groups of gellan gum, and 
the lower-temperature exothermic peak was attributed 




[Ca2+ / COO-JX 100 (%) 

Fig. 12 Endothermic enthalpy from heating DSC curves for 1% 
gellan solutions as a function of the concentration of CaCb 



to the formation of double helices by the chain segments 
having no influence from Ca^^. 

We propose the following interpretation for the 
gelation mechanism of gellan gum in the presence of 
Ca^^ from the present data, as outlined schematically 
in Fig. 13. During the cooling process, Ca^^ seem to be 
immediately associated with the gellan gum chains at 
temperatures higher than the conformational transition 
(the formation of double helices), which provides 
evidence that for gellan gum solutions containing CaCl 2 
of low concentrations (3, 4, 6 mN), the second exother- 
mic peak began to develop at slightly higher tempera- 
tures than the one corresponding to the coil-helix 
transition. This ordered structure, consisting of the 
interactions between gellan gum segments and Ca^^, 
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Fig. 13 Schematic model to explain the gelation mechanism for gellan 
gum solutions in the presence of divalent cations (•) 

could lead to the formation of an elastic gel, rheolog- 
ically (Fig. 10). On further addition of Ca^^, the 
ordered structures, which are specifically stabilized by 
Ca^^, increase stoichiometrically and become extremely 
thermally stable. Therefore, with increasing concentra- 
tion of CaCl 2 , the endothermic enthalphy estimated for 
a main peak in the heating DSC curves decreased 
monotonically and the other numerous endothermic 
peaks appeared especially at higher temperatures. Dur- 
ing the heating process up to 110 °C, these hetero- 
geneous zones involving the specific cation-polyanion 
interaction were gradually melted at various tempera- 
tures, and then Ca^ ^ may stabilize gellan gum molecules 
even in the partially disordered helical conformation. 
Therefore, this may explain the fact that in the presence 
of any concentration of CaCl 2 , the total endothermic 
enthalpies in the heating DSC curves were essentially 
smaller than the total exothermic enthalpies in the 
cooling DSC curves. 

It has been reported that the gelation of alginates 
requires divalent cations such as Ca^^, and that the gels 
are not thermoreversible [40]. Morris et al. [41] have 
suggested that in the alginate gelation, the primary role 
of Ca^^ is to combine pairs of random-coil chain 



segments into ordered dimers, and so the specific metal 
ions are required for the formation of ordered structures 
of alginate. Gelation of low-methoxyl pectins is prim- 
arily a consequence of ionic cross-linkages through 
calcium bridges between arrays of carboxyl groups 
belonging to different chains [42]. 

It is well known that two mechanisms have been 
proposed to explain the gelation process of K-carragee- 
nan solutions, and, consequently, this has been the 
subject of some controversy. Morris et al. [43] have 
suggested that the cross-links of carrageenan are formed 
by segments of a double helix, and then these segments 
are aggregated by ions such as K^. Smidrod and 
Grasdalen [44] have proposed a mechanism where single 
helices are formed, which are subsequently aggregated 
by to dimers, trimers, etc. 

The present work indicates that the gelation charac- 
teristics of gellan gum may depend on the nature of the 
added salt, especially, the gelation mechanism in the 
presence of divalent cations has a more complicated 
nature compared to that in the presence of monovalent 
cations. We should emphasize that monovalent cations 
play a significant role in promoting the subsequent 
aggregation of double helices at lower temperatures than 
the conformational transition of gellan gum molecules 
(Teh), and that divalent cations directly interact with the 
gellan gum segments to form the ordered structures at 
slightly higher temperatures than the conformational 
transition temperature (Teh). 

The gelation mechanism of alginates [41], low-meth- 
oxyl pectins [42], or K-carrageenans proposed by Smids- 
rod and Grasdalen [44] may give some clues to solve this 
complicated mechanism of gellan gum gels in the 
presence of divalent cations. 

Interpretation of the gelation mechanism of gellan 
gum in the presence of divalent cations is extremely 
difficult. More investigations by means of different 
methods have still to be done to clarify it further. There 
is also an urgent need for purified gellan gum with 
different molecular weights, to understand better the 
gelation mechanism. 
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Discussion 

Tokita You classified the sol-gel transition temperature 
and the helix-coil transition temperature in terms of the 
state diagram. In connection with this, the data you 
showed in Fig. 8h is of interest. These results indicate 
that a large endothermic peak is observed at a temper- 
ature of 30 °C while the shear modulus of the gel is still 
large enough. What kind of transition occur at this 
temperature? 

Miyoshi In the presence of sufficient salt, more than 
two kinds of junction zones may be formed, because G" 
showed two steplike changes during heating and the 
heating DSC curves showed two peaks as shown in 
Fig. 8h. Therefore, during heating, the ordinary double 
helices melted around 30 °C (the main peak) and then 
thermally stable aggregated helices (mediated by specific 
binding of cations) melted at higher temperatures. 
Judging from the rheological results (Fig. 8h), the gel 
structure seems to remain until the thermally stable 
junction zones melt. 

Nakamura 1. The thermal scanning rheological behav- 
iour for 4.5% gellan solution (Fig. 2g) showed thermal 
hysteresis. On the other hand, 3.0 and 3.5% solutions 
showed no thermal hysteresis (Fig. 2e, f). Is the structure 
of the aggregated helices different in the former and in 
the latter gel? 

2. The G' and G" measurement of gels containing 
salts on heating has to be performed carefully because 
the sample gel often partly collapses. Did you see the gel 
(Fig. 8h) melt uniformly in the rheometer? 



Miyoshi 1. As shown in Fig. 1, for over 4.5% gellan 
gum solutions, the DSC endothermic peak split into two 
peaks, from which thermal hysteresis is expected in the 
thermal scanning rheological measurement (Fig. 2g). 
Therefore, more than two kinds of junction zones with 
different thermal stabilities seemed to be formed above 
4.5% gellan gum solutions. Manning has suggested 
that the lower-temperature peak may be caused by the 
melting of unaggregated helices, and the higher-temper- 
ature peak may be caused by the melting of aggregated 
helices. Izumi et al. have reported (in this issue) that over 
4-5% gellan gum solutions formed a turbid gel while 
below 4% gellan gum solutions formed a transparent 
gel. Therefore, the gel structure for very concentrated 
solutions seems to be significantly different from that for 
less concentrated solutions. 

2. Gellan gum gels in the presence of sufficient 
monovalent cations may gradually melt, although we 
could not visually recognize that phenomenon. We have 
explained the reason in the answer to Dr. Tokita’s 
question. 

Matsukawa You found that the endothermic peak in 
the DSC heating curves for 1 % gellan with monovalent 
cation splits into multiple peaks with increasing salt 
concentration (Fig. 5). We also found the two-step 
change in NMR and CD experiments on heating for 
1% gellan solutions with 40 and 80 mM (same 
sample conditions with two of DSC curves shown in 
Fig. 5c) and attributed them to dissociation of unag- 
gregated and aggregated helices. It is interesting that 
the change in the hydrogen-bonding structure observed 
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by NMR and the helix structure observed by CD is 
also observed by DSC as a change in the thermal 
property. 

You proposed that there a portion of the structure is 
extremely stabilized by Ca^^ and does not melt at the 
main peak in the DSC heating curve, as illustrated in 
Fig. 13. We also found that there are two components in 
the double-helix structure; one is reversibly disintegrated 
by heating and the other has a heat resistance because of 
reinforcement by ionic bonding between the carboxyl 
groups of gellan. Do you think the thermally stabilized 
structure shown in your model in Fig. 1 3 shows the same 
CD spectra as the double helix will show, which means 
that the thermally stabilized structure in your model has 
the same microscopic structure as the double helix? 

Miyoshi The interpretation of the gelation mechanism of 
gellan gum in the presence of divalent cations is an 
extremely difficult subject. Unfortuantely, we still have 
not got the information from visual microscopic meth- 
ods. In our opinion, the thermally stabilized structure in 
the presence of divalent cations (Fig. 13) was essentially 
different from that in the presence of monovalent cations 
(Fig. 9). We would especially like to emphasize that 
monovalent cations play a significant role in promoting 
the subsequent aggregation of double helices at temper- 
atures lower than the coil-helix transition (Tch), and that 
divalent cations directly interact with the gellan gum 
segments to form the specific ordered structures at 
slightly higher temperatures than the formation of 
double helices (Teh). From the rheological and DSC 
results, we still have not determined whether the 
electrostatic bonds where a divalent cation bridged two 
anions at a temperature higher than were formed by 
double helices or single helices. As described in our 
paper, the gelation mechanism of alginates, low- 
methoxyl pectins, or K-carrageenan proposed by Smid- 
rod and Grasdalen may give some clues to solve this 



incomprehensible mechanism of gellan gum gels in the 
presence of divalent cations; however, more investiga- 
tions using different methods have still to be done to 
clarify it in further detail. 

E.R. Morris Are the authors confident that the observed 
maxima in G' and G" (Fig. lOf-h) are not due to 
slippage (as discussed in the paper by Morris, Richard- 
son, Whittaker)? 

Miyoshi We measured these systems many times, and 
we could observe the same phenomenon (maxima in G' 
and G"), therefore, we should explain this as follows. In 
the gellan gum systems containing divalent cations, the 
main endothermic peak enthalpy may be caused by the 
melting of remaining parts of gellan gum molecules 
having no influence from divalent cations. After that, the 
flexible chains connecting the junction zones increased, 
and so these systems (Fig. lOf, g) showed entropic 
elasticity. Since during cooling, divalent cations imme- 
diately bound to the carboxyl groups of gellan gum 
molecules in proportion to stoichiometric equivalence, 
in the presence of sufficient divalent cations, the size of 
specific ordered structures became drastically larger, and 
so the remaining parts of the gellan gum molecules 
decreased. Therefore, these systems became stiffer and 
the number of flexible chains might decrease, which 
indicated that the temperature dependence for these 
systems showed no maximum although both moduli 
markedly increased (Fig. lOh). We could observe almost 
the same phenomenon (maxima in G' and G") in the 
presence of monovalent cations (Fig. 8h). In the pres- 
ence of sufficient salt, after the steepest change in both 
moduli, these systems showed a maximum at a certain 
temperature. In these systems, more than two kinds of 
junction zones were formed; therefore, the parts which 
melted at lower temperature might behave as flexible 
chains. 
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Effects of sugar on the sol-gel transition 
in geiian gum aqueous soiutions 



Abstract The effects of glucose, 
fructose, sucrose and trehalose on 
the sol-gel transition in gellan gum 
aqueous solutions have been studied 
using rheological measurements and 
differential scanning calorimetry 
(DSC). Thermal scanning rheologi- 
cal results suggested that a 1% 
gellan gum solution without sugar 
could not form a gel even on cooling 
to 0 °C; however, on addition of any 
sugar at a very low concentration, 
gellan gum solutions could form gels 
at temperatures lower than the 
helix-coil transition temperature. In 
the presence of disaccharide (sucrose 
or trehalose) or glucose, both tran- 
sition temperatures of coil-helix, 

Teh, and sol-gel, T^g in gellan gum 
solutions shifted to higher tempera- 
tures with increasing concentration 
of added sugar; however, by the 
addition of fructose, Teh did not 
change so much. In DSC measure- 
ments, in the presence of disaccha- 
ride or glucose, the main exothermic 
and endothermic peaks correspond- 
ing to the helix-coil transition grad- 
ually shifted to higher temperatures 
with increasing concentration of 
added sugar; however, in the pres- 
ence of any sugar, no exothermic or 
endothermic peak was detected in 
DSC measurements at the sol-gel 



transition temperature determined 
as the crossover temperature of G' 
and G", which was essentially dif- 
ferent from that for gellan gum 
alone or in the presence of mono- 
valent cations. Disaccharides could 
promote both the formation of hel- 
ices and gelation in gellan gum 
systems, this promotion being relat- 
ed to the volume of hydration of 
sugar in gellan gum solutions. In 
conclusion, sugar indirectly influ- 
ences the stabilizing of gellan gum 
gels due to the hydration and struc- 
tural changes of water surrounding 
the sugar, and so the stabilities of 
gellan gum solutions gradually in- 
crease with increasing concentration 
of added sugar. Judging from both 
rheological and DSC results, only 
fructose inhibited the formation and 
aggregation of helices in gellan gum, 
and so the possibility of direct 
hydrogen bonding between hydroxyl 
groups in polymers and in sugars 
seems to be more plausible, espe- 
cially by the addition of sufficient 
fructose. 



Key words Gellan gum • Sol-gel 
transition • Differential scanning 
calorimetry • Sugar • Oscillatory 
measurement 
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Introduction 

Recently, some foods with unique textures, such as 
“natadecoco”, “konjac jellies” and “gumlike candy”, 
have attracted much attention and have been enormously 
popular, and so the development of food products 
should be aimed at achieving desirable physical struc- 
tures and perceived eating quality. The structural and 
textural properties of food materials are especially 
important factors when judging the quality of foods. 
Eating should not only be to satisfy our appetites but 
also to give pleasure, and we are exposed to a great 
range of foods and can make our choice depending on 
individual preference. 

Gellan gum, an extracellular polysaccharide, is widely 
used in the food industry and in biotechnology because 
it forms a transparent gel with outstanding flavour 
release, is resistant to heat and its gel strength is less 
dependent on pH than many other polysaccharide gels 
[1]. Another interesting property of gellan gum is the 
good flavour/taste release capacity of gels, because the 
water structured within the gel is instantaneously 
released upon mastication [2, 3]. Soft food gels such as 
dessert jellies, formed by polysaccharides, very often 
contain sugar [4] and so it is important for food 
applications to study the effects of sugar on the gelation 
of polysaccharides such as gellan gum. Since the 
junction zones of thermoreversible gels would be 
stabilized by weak molecular forces, such as electrostatic 
interactions, hydrogen bonds and hydrophobic interac- 
tions, the study of the effect of sugars, as well as salt, 
could provide important information on the role of 
molecular forces in the stabilization of gel structures. 
Sugars are known to increase the elasticity of gels and 
the thermal stability of junction zones, and the effect of 
sugars on polysaccharide gelation has been extensively 
studied using various materials [5-20]; however it has 
not been clarified sufficiently. 

In the present work, the effects of glucose, fructose, 
sucrose and trehalose on the sol-gel transition in gellan 
gum aqueous solutions were studied by dynamic visco- 
elastic measurement and differential scanning calori- 
metry (DSC). 



Materials and methods 

The gellan gum used in the present study was the same as in our 
other study reported in this issue. Glucose, fructose and sucrose 
used in the present study were extra-fine-grade reagents (Wako 
Pure Chemical Industries, Osaka, Japan), and were used without 
further purification. Trehalose, a newly developed disaccharide, 
was kindly supplied by Hayashibara Biochemical Laboratories 
(Okayama), and was used without further purification. 

The gellan gum solutions were prepared in the same way as 
described previously [21, 22], For samples containing sugar, the 
concentration of glucose or fructose in the solutions varied from 



0 to 4 M, and that of sucrose or trehalose varied from 0 to 2 M, 
and each sugar was added to 1% gellan gum solution during 
stirring to swell before heating. 

The methods of the rheological and DSC measurements were 
described in our other study reported in this issue. In the DSC 
measurement, the temperature range chosen was from 90 to 0 °C. 
For each sample, a reference pan was filled with sugar solution of 
the same concentration as that of each sample. 



Results and discussion 

The temperature dependences of the storage modulus, 
G', and the loss modulus, G", during the cooling and 
heating processes for a t% gellan gum solution con- 
taining sucrose, glucose or fructose of various concen- 
trations at O.t rad/s and at a cooling or heating rate of 
0.5 °C/min are shown in Figs. 1-3. 

As described previously [22, 25, 26], the steepest 
change in G" in the thermal scanning rheology was 
attributed to the coil-helix transition, T^h, of gellan gum 
molecules, and the crossover temperature of G' and G" 
was attributed to the sol-gel transition, T^g. For a 1% 
gellan gum solution in the absence of sugar, G" showed 
one steplike change around 27 °C corresponding to the 
helix-coil transition, but did not show the sol-gel 
transition (as in the other work reported in this issue). 
On addition of sucrose (Fig. t) or glucose (Fig. 2), both 
moduli significantly increased and shifted to higher 
temperatures with increasing concentration of added 
sugar. On further addition of sugar, T^g could also be 
detected at temperatures lower than Teh. As shown 
previously [22, 25, 26], in the presence of salt, G" for 
gellan gum which could form a gel on cooling showed 
two steplike changes in the thermal scanning rheology, 
and the temperature of the second steplike change in G" 
almost coincided with the crossover temperature of both 
moduli corresponding to the sol-gel transition. In the 
presence of sugar, G' rapidly increased during cooling 
and then G' exceeded G" at a certain temperature; 
however, G" did not show any steplike change around 
this temperature indicating the sol-gel transition. This 
behaviour could be observed in gellan gum solutions in 
the presence of any sugar used in the present study. In 
the presence of salt, the second steplike increase in G" 
may be attributed to the process of aggregation of 
helices by electrostatic interaction, which was essentially 
ditferent from the gelation process in the presence of 
sugar. Tsg drastically shifted to higher temperatures and 
gradually approached Teh with increasing concentration 
of added sugar. In the presence of sufficient sugar (2 M 
sucrose, 3.5 M glucose), the temperature dependence of 
both moduli showed significant thermal hysteresis, 
which indicated that the junction zones of gellan gum 
were stabilized by the addition of sufficient sugar. The 
thermal scanning rheological behaviours in the presence 
of trehalose (data not shown) were almost the same as 
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Fig. la-h Temperature dependence of the storage modulus, G', and 
the loss modulus, G", during the cooling and heating processes for a 
1 % gellan gum solution containing sucrose of various concentrations. 
G' (O), G" (A), cooling; G' (•), G" (A), heating; frequency of 
0.1 rad/s; cooling and heating rate of 0.5 °C/min 

in the presence of sucrose (Fig. 1). In the presence of 
fructose (Fig. 3), could be detected by the addition 
of fructose at a certain concentration, and it then shifted 
to higher temperatures with increasing concentration of 
added fructose; however, Fch did not depend so much on 
the concentration of added fructose, and significant 



thermal hysteresis was not observed even on the addition 
of 4 M fructose. This behaviour was significantly 
different from that in the presence of glucose, although 
both glucose and fructose are monosaccharides and have 
the same molecular weights. 

Fig. 2a-h Temperature dependence of G' and G" during the cooling 
and heating processes for a 1% gellan gum solution containing 
glucose of various concentrations. G' (O), G" (A), cooling; G' (•), 
G" (A), heating; frequency of 0.1 rad/s; cooling and heating rate of 
0.5 °C/min 
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Fig. 3a-h Temperature dependence of G' and G" during the cooling 
and heating processes for a 1% gellan gum solution containing 
fructose of various concentrations. G' (O), G" (A), cooling; G' (•), 
G" (A), heating; frequency of 0.1 rad/s; cooling and heating rate of 
0.5 °C/min 

Teh at which G" increased steeply, and the crossover 
temperature of G' and G", are shown in Fig. 4 for a 
1% gellan gum aqueous solution during cooling as a 
function of the concentration of added glucose, fructose, 
sucrose or trehalose. These transition temperatures were 
obtained from the results of thermal scanning rheology 
measurements (not all data shown). On addition of any 
sugar at a certain concentration, T^g could also be 
detected, which confirmed that the formation of a gel was 
promoted by the addition of sugar, because a 1 % gellan 
gum solution without sugar could not form a gel even on 
cooling to 0 °C. In the presence of glucose (Fig. 4a) or 
disaccharide (Fig. 4c, d), both Teh and T^g monotonically 
shifted to higher temperatures with increasing concen- 
tration of added sugar; however, in the presence of 
fructose (Fig. 4b), did not change so much, although 
Fsg monotonically shifted to higher temperatures with 
increasing concentration of added fructose. The differ- 
ences between 7).h and T^g gradually decreased with 
increasing concentration of added sugar; however, Teh 
and r^g were observed separately even on the addition of 
4 M monosaccharide or 2 M disaccharide. 

Cooling and heating DSC curves for a 1 % gellan gum 
solution containing glucose, fructose, sucrose or treha- 
lose of various concentrations are shown in Fig. 5. The 
exothermic setting peak temperature, in the cooling 
DSC curves and the endothermic melting peak temper- 
ature, Tjjj, in the heating DSC curves are shown in Fig. 6 



for 1% gellan gum solutions as a function of the 
concentration of added sugar. As shown in our other 
work reported in this issue, in the presence of monova- 
lent cations, both and 7)^ shifted to progressively 
higher temperatures with increasing concentration of 
added salt. The exothermic and endothermic enthalpies 






Fig. 4a-d Temperature, (O) at which G" increased steeply, and 
the crossover temperature of both moduli, (•) for a 1 % gellan 
gum aqueous solution during cooling as a function of concentration 
of added glucose, fructose, sucrose or trehalose. Cooling and heating 
rate of 0.5 °C/min 
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Fig. 5a-d Cooling and heating differential scanning calorimetry 
(BSC) curves for a 1% gellan gum solution containing glucose, 
fructose, sucrose or trehalose of various concentrations. The figures 
beside each curve represent the concentration of added sugar. Cooling 
and heating rate of 0.5 °C/min 

estimated for a main peak significantly increased with 
increasing concentration of added salt. With progressive 
addition of salt, the endothermic peak gradually devel- 
oped bimodal character and eventually split into mul- 
tiple peaks. After the detectable splitting of the 
endothermic peak in the heating DSC curves, the 
thermal hysteresis became gradually pronounced with 
further addition of salt. In the presence of any sugar, 
both Ts and TA shifted to higher temperatures with 
increasing concentration of added sugar; however, the 



shift was markedly smaller than that induced by the 
addition of monovalent cations. In the presence of 2 M 
disaccharides (Fig. 6c, d) or 4 M glucose (Fig. 6a), both 
Ts and were about 10-15 °C higher than those for a 
1% gellan gum alone; however, in the presence of 4 M 
fructose, both Tg and Fm did not change so much in 
comparison to those for a 1% gellan gum alone. In the 
presence of any sugar (Fig. 6), thermal hysteresis could 
not be observed even on the addition of sufficient sugar, 
although significant thermal hysteresis was observed in 
the thermal scanning rheology, at least in the presence of 
disaccharides or glucose (Figs. 1, 2). This behaviour was 
obviously different from that in the presence of cations; 
the onset of two transitions at F^h and Tgg occurring at 
the same temperature was in good agreement with the 









Fig. 6a-d Exothermic peak temperature, T^, (O) in the cooling DSC 
curves and endothermic peak temperature, T^, (•) in the heating 
DSC curves for 1% gellan gum solutions as a function of the 
concentration of added glucose, fructose, sucrose or trehalose 

onset of significant thermal hysteresis. With increasing 
concentration of added sugar, the exothermic and 
endothermic enthalpies estimated for a main peak did 
not change so much in comparison to those in the 
presence of monovalent cations. As illustrated previous- 
ly, for gellan gum systems in which helix-coil and sol-gel 
transitions occurred separately, and T^g of gellan 
gum solutions were detected by both thermal scanning 
rheology and DSC. Hence, the helix-coil transition 
corresponds to the steepest increase in G" in the thermal 
scanning rheology and the main exothermic or endo- 
thermic peak in the cooling or heating DSC curves, and 
the sol-gel transition corresponds to the crossover of 
both moduli in the thermal scanning rheology and the 
other small exothermic or endothermic peak in the 
cooling or heating DSC curves. However, in the 
presence of any sugar, no exothermic or endothermic 
peak was detected in DSC measurement at the sol-gel 
transition temperature determined as the crossover 
temperature of G' and G" as shown in Figs. 1-3. 
Therefore, the process of gelation in the presence of 
sugar may obviously be different from that of gelation 
occurring with subsequent aggregation of helices medi- 
ated by cations, as discussed later. 

As illustrated in Figs. 1-6, disaccharides were more 
effective than monosaccharides in promoting ordered 
structures as observed by both rheology and DSC. 
Moreover, the influence of sugar was more remarkable 
for glucose than fructose, and for sucrose than trehalose. 
These differences depend on the molecular weight and 



the configuration of each sugar. The effectiveness of 
sugars in promoting ordered structures is as follows; 
sucrose > trehalose > glucose > fructose. This order 
is in good agreement with the dynamic hydration number 
(DHN) [«DHN(sucrose) = 25.2; «DHN(trehalose) = 
25.4; «DHN(glucose) = 18.6; «DHN(fructose) = 16.5] 
and the number of equatorially attached OH groups 
[n(e-OH)(sucrose) = 6.3; n(e-OH)(trehalose) = 7.2; 
«(e-OH)(glucose) = 4.6; «(e-OH)(fructose) = 3] [27- 

29] , when it is considered that the differences in these 
values between sucrose and trehalose were small. The 
relationships between these «DHN or «(e-OH) in sugars 
and the effectiveness of sugars in promoting ordered 
structures of gellan gum will be discussed later. Similar 
relations have been observed for agarose [9, 19], 
K-carrageenan [6, 19], starch [16] and gellan gum [22, 

30] gels. 

The effects of a sugar on the helix-coil transition and 
the sol-gel transition of gellan gum could be attributed 
to one of or both the following factors. 

1. The direct hydrogen bonding between hydroxyl 

groups in gellan gum molecules and in the sugar, 

2. The structural change of water as a solvent. 

Sugar increases the number of elastically active network 
chains by forming hydrogen bonds or increases the 
effective concentration of gellan gum by immobilizing 
water molecules or due to volume exclusion. On addi- 
tion of 4 M monosaccharide or 2 M disaccharide, these 
gellan gum solutions contain 68.5% sugar, and so the 
amount of water which is available for the dissolution of 
gellan gum in these systems may be very small compared 
to that in the absence of sugar. Therefore, the concen- 
tration of gellan gum was calibrated as a percentage of 
gellan gum in the system from which the amount of 
sugar was subtracted. 

Teh at which G" increased steeply, and the crossover 
temperature of G' and G", T^g, for a gellan gum system 
in the presence of sugar during cooling are shown in 
Fig. 7 as a function of the calibrated concentration of 
gellan gum. Ts in the cooling DSC curves and in the 
heating DSC curves for 1% gellan gum solutions are 
shown in Fig. 8 as a function of the calibrated concen- 
tration of gellan gum. In these figures, each open symbol 
represents the values obtained from gellan gum alone of 
the corresponding concentration. As shown in Fig. 7a, 
in the presence of glucose, two transitions (the helix-coil 
and sol-gel transitions) did not change so much 
compared to those for gellan gum alone; however, the 
sol-gel transition for gellan gum solutions of fairly low 
concentration with glucose was obviously promoted by 
glucose, because gellan gum solutions (below 2%) could 
not form gels even on cooling to 0 °C. In the presence of 
disaccharide (sucrose or trehalose) (Fig. 7c, d), both Teh 
and Tsg for each system significantly shifted to higher 
temperatures compared to those for gellan gum alone or 
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Fig. 7a-d Temperature, at 
which G" increased steeply, and 
the crossover temperature of G' 
and G", for a gellan gum 
system in the presence of sugar 
during cooling as a function of 
the calibrated concentration of 
gellan gum. 7’ch, with sugar (•); 
Tch, gellan gum alone (O), T^g, 
with sugar (A); T^g, gellan gum 
alone (A) 




Gellan Cone. / % Gellan Cone. / % 




Gellan Cone. / % Gellan Cone. / % 




Gellan Cone. / % Gellan Cone. / % 




01234 01234 



GeUan Cone. / % Gellan Cone. / % 

Fig. 8a-d in the cooling DSC curves and 7A in the heating DSC 
curves for 1% gellan gum solutions as a function of the calibrated 
concentration of gellan gum. T^, with sugar (•); T^, gellan gum alone 
(O); Tin, with sugar (A); T^, gellan gum alone (A) 

in the presence of monosaccharide. As already de- 
scribed, disaccharides were more effective than mono- 
saccharides in promoting ordered structures; however, 



the reason could not be explained only by the differences 
in the molecular weight. Because these behaviours in the 
presence of disaccharides were quite different from those 
in the presence of monosaccharides, regardless of the 
volume exclusion by the presence of sugar. This seems to 
be influenced by the volume of hydration of sugar in 
gellan gum gels. The first possibility of direct interaction 
between hydroxyl groups in polymers and in disaccha- 
rides might not be plausible. As shown in Fig. 7b, in the 
presence of fructose of relatively low concentration, the 
helix-coil transition did not change so much compared 
to that for gellan gum alone; however, with increasing 
concentration of added fructose (indicating an increase 
in the effective concentration of gellan gum), both Teh 
and Tsg gradually shifted to lower temperatures com- 
pared to those for gellan gum alone. This indicated that 
both transitions were inhibited by the addition of 
sufficient fructose. Ts and Tm obtained from DSC curves 
were attributed to the helix-coil transition; therefore, the 
behaviour of both and 7)^ (Fig. 8) were almost 
similar to Teh observed by thermal scanning rheology 
(Fig. 7). 

As discussed previously, cations could stabilize the 
junction zones of gellan gum by electrostatic interaction. 
Monovalent cations could promote the formation and 
aggregation of double helices of gellan gum molecules, 
and so T^h and T^g in gellan gum solutions could be 
detected clearly by both thermal scanning rheology and 
DSC. Divalent cations could form electrostatic bonds 
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where a metal ion bridged two anions at a temperature 
higher than and so the ordered structures stabilized 
by divalent cations stoichiometrically increased judging 
from DSC. Although sugar could stabilize the junction 
zones of gellan gum, the stabilization by the addition 
of sugar should be essentially different from that by 
the addition of cations. The ability of sugar to promote 
the formation of gellan gum gels might be attributed to 
the effects of the structural change of water as a solvent. 
Water is both a hydrogen-bond donor and a hydrogen- 
bond acceptor, and so hydrogen bonds depend very 
much on the nature of water as a solvent. In the presence 
of sugar, the structure of water surrounding the sugar 
would be changed and stabilized in gellan gum solutions, 
and, as a result, sugar could create more hydrogen 
bonds through the water molecules with increasing 
concentration of added sugar. Ohtsuka and Watanabe 

[31] have found that the dilfusional mobility of water 
in gellan gum gels is much the same as in pure water, 
and this observation is consistent with the conclusion 
deduced from dielectric measurements by Mashimo et al. 

[32] . Mashimo et al. [32] have concluded that most of the 
water in gellan gum gels is free water, and that free water 
molecules construct a cluster consisting of 20-30 mol- 
ecules. In the presence of sugar, free water molecules 
surrounding the sugar were changed and stabilized, 
and so they tend to make a larger cluster than those 
for gellan gum solutions without sugar. Therefore, the 
thermal motion of stabilized water was deactivated more 
than that for gellan gum solutions without sugar, and, 
consequently, sugar could indirectly stabilize the junc- 
tion zones of gellan gum molecules and promote the 
formation of gels. To understand the effects of sugar on 
the structural change of water, the conformation of 
sugars, especially the number, «(e-OH), of equatorially 
attached OH groups in sugar molecules should be taken 
into account. The effectiveness of sugar to stabilize the 
water in gellan gum gels seems to depend on «(e-OH) in 
sugar molecules, because sugars with larger «(e-OH) 
could stabilize the water structure much more. It is 
well known that there is a good correlation between the 
number of (e-OH) in saccharides and the DHN [27-29]; 



therefore, the effectiveness of sugar to stabilize water in 
gellan gum gels also depends on the DHN of the sugar. 
This could explain the fact that sucrose or trehalose was 
more effective than glucose, and not because of the 
differences in their molecular weights (Figs. 7, 8). 

Judging from both rheology and DSC, only fructose 
seems to inhibit the formation and aggregation of helices 
in gellan gum compared to other sugars, and so the hrst 
possibility of direct hydrogen bonding between hydroxyl 
groups in polymers and in sugars seems to be more 
plausible, especially for the effect of fructose with a 
sufficient concentration. In DSC measurements, in the 
case of only gellan gum systems containing fructose, the 
exothermic peak in the cooling DSC curve from 100 °C 
became significantly smaller than that in the cooling 
DSC curve from 90 °C (data not shown), which 
indicated that the reactivity of fructose to other sub- 
stances was more pronounced than other sugars. How- 
ever, in the presence of fructose of low concentration, the 
direct interaction between gellan gum and fructose 
should be less important, and so the effects of hydration 
in the presence of fructose may dominate rather than the 
effects of inhibition of helix formation of gellan gum. 

Two types of transition, the glass-transition temper- 
ature, 7g, of the amorphous component and the 
crystalline melting temperature, 7j„, are known for 
partially crystalline polymers. Sugar-water systems have 
been studied using DSC from this point of view, and it 
was found that the ratio T^jT^ = 1.06 for fructose was 
far lower than the ratio for glucose (1.42) or sucrose 
(1.43), indicating higher free volume and high mobility 
for fructose. This conclusion was also consistent with 
the lower viscosity at Tg for fructose of lO" Pa s in 
comparison to the typical value of lO’"^ Pa s [33]. This 
means that fructose is more unstable in water than 
glucose and sucrose, and, therefore, fructose is less 
effective in stabilizing the ordered structure of gellan. 

It is concluded that sugar indirectly influences the 
stabilization of gellan gum gels due to the hydration and 
structural change of water surrounding the sugar, and so 
the stabilities of gellan gum solutions gradually increase 
with increasing concentration of added sugar. 
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Discussion 

Ogawa We have studied the effects of sodium chloride 
and sucrose on the conformational properties of gellan 
gum in dilute solutions by viscometry, and we agree with 
your statement that the stabilization by the addition of 
sugar should be essentially different from that by the 
addition of cations although sugar could stabilize the 
junction zones. Is it possible to interpret your results as 
follows? In the presence of sugars of various kinds in 
gellan solutions, the hydration and structural change of 
water surrounding the sugar, for example, the formation 
of large clusters, may occur, which decreases the degree 
of motional freedom of gellan molecules, i.e. stabiliza- 
tion, and/or promotes hydrogen bonding between 
hydroxyl groups in polymers, resulting in the promotion 



of double-helix formation and the aggregation of 
helices. 

Nishinari Yes, it is quite possible to interpret the 
stabilization of the gellan network structure by the 
mechanisms you mentioned. Sugars may immobilize 
water and their effectiveness is sucrose > glucose > 
fructose based on the DHN determined by NMR and 
the ratio of the crystalline melting temperature to the 
glass-transition temperature of sugar-water systems 
determined by DSC. Immobilized water may promote 
the formation of ordered structures of gellan molecules, 
and stabilize the network structure. The other possibility 
that hydrogen-bond formation, via the direct interaction 
between sugar-gellan-water, is promoted by the addi- 
tion of sugar is not excluded. 
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Abstract The random-coil-to-helix 
transition of gellan gum with various 
counter monocations, such as Li^, 
Na^, K^, Rb^, Cs^ and tetram- 
ethyl ammonium (TMA^) in aque- 
ous solution has been studied by 
circular dichroism (CD) and NMR 
methods in the absence of any 
additional salts. CD data show a 
sharp decrease in the molar elliptic- 
ity at 202 nm at the transition point, 
the temperature of which is defined 
as Tcd, i e., the transition tempera- 
ture determined by CD. Tqd de- 
pends on the concentration of gellan 
and on the countercation, for ex- 
ample, from 0.65 to 21.2 °C for 0.1- 
0.92% of Na-type gellan solution 
and from 6.7 to 26.1 °C for 0.13- 
1.0% Rb-type gellan solution. The 
molar ellipticity changes reversibly 
over the whole temperature range 
investigated for 1% Na, Rb, and 
TMA-type gellan solutions, while it 
shows a temperature delay in the 
recovery to random coil for 1 % 

Li- and K-type gellan solutions. This 



phenomenon becomes more re- 
markable in higher concentration 
solutions. The water proton spin- 
spin relaxation time, T 2 , drastically 
decreases around the transition 
temperature. The temperature at 
which the decrease of T 2 begins, 
however, is higher than Tcd in some 
cases. This observation indicates 
that a change in the state of water 
(mobility, hydrogen bonding, hy- 
dration structure and so on) may 
occur preceding the helix formation 
of the polymer chain. The T 2 value 
shows the irreversibility of the tran- 
sition in 1 % Li, K, and TMA gellan 
solutions. In comparison to the 
result obtained from CD, the aggre- 
gate formed at low temperature still 
remains as an aggregation of ran- 
dom coils at higher temperatures in 
the heating process. 

Key words Ion-exchanged gellan 
solution • Coil-helix transition • 
NMR relaxation time • Circular 
dichroism • Polysaccharide 



Introduction 

Gellan gum, a microbial polysaccharide derived from 
Pseudomonas elodea, is known to make a conformation- 
al transition from a random-coil form to a double-helix 
form in solution with decreasing temperature, which 
greatly affects the sol-gel transition of gellan gum. The 
chemical structure of gellan has been confirmed as a 
linear anionic heteropolysaccharide consisting of 1,3-/1-d 



glucose, l,4-/l-D-glucuronic acid, l,4-/l-D-glucose and 
l,4-a-L-rhamnose [1, 2]. The stiff and regular backbone 
with a hydroxyl group made up by the tetrasaccharide 
unit has specific interactions between the polysaccharide 
chains and contributes to the formation of the highly 
ordered structures of the double helix. The dissociated 
carboxyl groups facilitate the dissolution of the poly- 
saccharide chain through electrical repulsion. Cations 
have a screening effect for the repulsion and cause the 
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aggregation of the polysaccharide chain, and their effect 
depends on the species and the concentration of the 
cations. Although there have been many studies on the 
sol-gel transition of gellan gum, only a few studies have 
been made from the fundamental viewpoint of the 
mechanism of the random coil-double helix transition. 

In this work, we have attempted to elucidate the 
random coil-double helix transition in gellan solutions 
without any additional cations by measuring the circular 
dichroism (CD), which gives direct information about 
the structural change of a gellan molecule between the 
random-coil and double-helix forms, and by measuring 
the NMR, which gives information about the hydration 
condition of a gellan molecule. 



Experimental 

Materials 

Original gellan (K type) gum which was supplied by San-ei 
Chemical Industries, Osaka, Japan, contained mainly K ion and 
some ions as impurities. LiCl, NaCl, KCl, RbCl, CsCl and 
tetramethyl ammonium chloride (TMACl) were purchased from 
Wako Pure Chemical Industries, Osaka, Japan, and were used 
without further purification. 

The Li-, Na-, K-, Rb-, Cs- and TMA-gellan used were prepared 
as follows. The original gellan gum was mixed with distilled water 
at a concentration of 2% and stirred to swell and disperse at room 
temperature overnight. The homogeneous suspension obtained was 
stirred for 1 h at 90 °C to dissolve completely. Subsequently, the 
equivalent amount of 2 M metal chloride solution of each cation, 
which had been kept at 90 °C, was added under vigorous stirring, 
and then the solution was stirred at 90 °C for 4 h and dialyzed 
against distilled water for 24 h at 70 °C and for 3 days at room 
temperature. The solution was lyophilized to obtain the cation- 
exchanged sample. 

The dried gellan sample was stirred with distilled water to swell 
and disperse homogeneously at 40 °C overnight, stirred at 70 °C 
for 2 h and at 90 °C for 1 h to dissolve completely, and used for the 
CD and 'H NMR measurements. The concentrations of gellan in 
the solutions were 0.115, 0.230, 0.460, 0.921 and 3.684 w/w% for 
Li-gellan, 0.1 16, 0.231, 0.462 and 0.924 w/w% for Na-gellan, 0.1 15, 
0.230, 0.460 and 0.919 for K-gellan, 0.126, 0.253, 0.505, 1.011 and 
4.044 w/w% for Rb-gellan, 0.135, 0.269, 0.538 and 1.077 for Cs- 
gellan and 0.124, 0.249, 0.498, 0.995 and 1.990 w/w% for TMA- 
gellan. These values are abbreviated as 0.125, 0.25, 0.5, 1, 2 and 4% 
according to the closest concentration. 

Measurements 

Metal ion contents for various types of gellan were measured by 
flame emission spectrometry (Shimadzu Corporation AA-6200) for 
K and Na ions and by inductively coupled plasma (ICP) emission 
spectrometry (Seiko SPS 1200 VR) for Ca and Mg ions. 

Measurements of the molecular-weight distributions were 
carried out by gel permeation chromatography (TOSO HLC- 
8120GPC system using a TSK-GEL G4000 PWXL column) at a 
flow rate of 1 ml/min at 60 °C. The molecular-weight distributions 
were calculated based on the calibration curve for a series of 
standard pullulan (shodex STANDARD P-82). 

CD measurements were carried out with a JASCO-7200A 
spectropolarimeter in the range from 250 to 190 nm with a 
scanning rate of 20 nm/min. The sample was cooled from a 



temperature about 20 °C higher than the random coil-double helix 
transition temperature (Teh) to that about 20 °C lower than r^h at 
0.5 °C/min. For the measurement in the heating process after the 
cooling process, samples were kept at the lowest temperature for 
30 min and then heated again at the sample rate. The temperature 
of the sample was controlled by circulating water around the 
samples cell, and was measured with a error of 0. 1 °C using a fine 
thermocouple inserted into the sample cell. 

'H pulse NMR measurements were carried out with a Bruker 
minispec PC 20 spectrometer operating at 20 MHz. The 'H T 2 
was measured by employing the Carr-Purcell-Meiboom-Gill 
method. In order to observe the temperature dependence of 'H 
T 2 , the sample set in the spectrometer was cooled from 60 to 7 °C 
at 0.5 °C/min, kept at 7 °C for 30 min and heated again at the 
same rate up to 70 °C. The temperature of the sample controlled 
by circulating water around the sample tube within a error of 
0.2 °C. 



Results and discussion 

Analysis of cation-exchanged gellan 

The results of the flame emission spectrometry for K and 
Na and the ICP emission spectrometry for Ca and Mg in 
each sample are summarized in Table 1. Contents are 
indicated as the weight percentage of the cation to the 
weight of dried gellan. Molar concentrations in the 
gellan solution with 1.39 mM repeating units are 
indicated in parentheses. According to this result, the 
original K-type gellan (first common sample) is effec- 
tively changed to the desired gellan type with a negligibly 
small amount of the other cations. 

The molecular-weight distributions measured by gel 
permeation chromatography at 60 °C are shown in 



Table 1 Metal ion contents for various types of gellan. The molar 
concentrations in the gellan solutions with 1.39 mM repeating units 
are indicated in parentheses 





Na“ 


K” 


Ca'’ 


Mg'’ 


Original K-gellan 


0.260% 


3.600% 


0.600% 


0.150% 




(1.13 mM) 


(9.21 mM) 


(1.50 mM) 


(0.62 mM) 


Li-gellan 


0.077% 


0.070% 


0.036% 


0.008% 




(0.30 mM) 


(0.16 mM) 


(0.08 mM) 


(0.03 mM) 


Na-gellan 


2.419% 


0.039% 


0.041% 


0.006% 




(9.77 mM) 


(0.09 mM) 


(0.09 mM) 


(0.03 mM) 


K-gellan 


0.054% 


3.757% 


0.082% 


0.019% 




(0.22 mM) 


(9.14 mM) 


(0.19 mM) 


(0.08 mM) 


Rb-gellan 


0.046% 


0.148% 


0.053% 


0.012% 




(0.20 mM) 


(0.39 mM) 


(0.13 mM) 


(0.05 mM) 


Cs-gellan 


0.059% 


0.071% 


0.049% 


0.012% 




(0.28 mM) 


(0.19 mM) 


(0.13 mM) 


(0.05 mM) 


Tetramethyl 


0.074% 


0.061% 


0.033% 


0.007% 


amonium gellan 


(0.32 mM) 


(0.16 mM) 


(0.08 mM) 


(0.03 mM) 



^ Flame emission spectrometry 

'’Inductively coupled plasma emission spectrometry 
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Fig. 1 Molecular-weight distributions measured by gel permeation 
chromatography at 60 °C 



Fig. 1. The molecular-weight distribution for each type 
of gellan is practically the same as that of the original 
K-gellan. Therefore, we can say that the preparation 
process does not change the molecular-weight distribu- 
tions. The number-average molecular weight and the 
weight-average molecular weight were calculated to be 
1.03 X 10^ and 1.48 x 10^ for original K-gellan, 
1.07 X 10^ and 1.47 x 10^ for Li-gellan, 1.07 x 10^ and 
1.42 X 10^ for Na-gellan, 0.99 x 10^ and 1.38 x 10*^ for 
K-gellan, 1.01 x 10^ and 1.42 x 10^ for Rb-gellan, 
1.03 X 10^ and 1.42 x 10^ for Cs-gellan and 1.11 x 10^ 
and 1.43 x 10^ for TMA-gellan, respectively. These 
values are larger than those obtained by the osmotic 
pressure measurement and the light-scattering method 
[3, 4]. Therefore, it is considered that a gellan molecule 
in the random-coil form adopts a large size conforma- 
tion compared with a pullulan molecule because of the 
intramolecular repulsion of carboxyl groups. 



Temperature dependence of the CD spectra 

The CD spectrum for each gellan solution for the 
cooling process changes drastically at the transition 
temperature, obtained from the differential scanning 
calorimetry measurement, which depends upon the 
concentration of gellan and the cationic species [5] at 
which the gellan molecule changes structure from the 
random-coil form to the double-helix form [6, 7]. The 
spectrum shows a positive peak around 202 nm at a 
temperature above Teh which reflects the optically active 
chemical structure of the glucuronic acid unit in the 
random-coil form of gellan. As the temperature decreas- 
es below Tch, the optically active high-order structure of 
the gellan chain, namely, the double-helix structure, is 
formed and the CD spectrum is changed to the 
superposition of the spectrum for the random-coil and 
that for the double helix which has a negative peak 
around 212 nm. Therefore, the change in the molar 
ellipticity at 202 nm, [ 0 ] 2 O 2 , is proportional to the change 
in the population of the random-coil form. 

[6]202 for gellan solutions of Li, Na, K, Rb, Cs and 
TMA types are plotted against temperature for the 
cooling process in Fig. 2. With increasing concentration 
of gellan, the plot shifts towards higher temperature and 
the bend at becomes sharper. After the sudden 




0 10 20 30 40 0 10 20 30 40 



Temperature / °C 

Fig. 2 Plots of [0]2,i2 for 0.125% (A), 0.25% (•), 0.5% (□), 1% (T) 
and 2% (O) gellan solutions of Li, Na, K, Rb, Cs and tetramethyl 
ammonium (TMA) types against temperature for the cooling process 
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decrease at Tch, the plot for the solution with a 
concentration of more than 0.2% shows a rather more 
gentle downward curvature than expected theoretically 
for the random coil-double helix transition [8, 9]. At the 
moment we are not sure of the reason why this curvature 
is observed. The mechanism of the random coil-double 
helix transition, the structural change after taking the 
double-helix structure and/or the spectral-response 
characteristic of the spectropolarimeter are in consider- 
ation. Therefore we temporarily defined Tqu as the 
transition temperature which is the intersection of the 
extrapolated lines from the data points in the higher- 
temperature range and from the data points in the steep 
slope in the lower-temperature range [5]. A plot of Tqu 
against gellan concentration is shown in Fig. 3. Both 
Tcd and its concentration dependence varied depending 
upon the cationic species. Rb-gellan shows the highest 
Tcd and Na-gellan shows the lowest Tcd- 

[0]2 o 2 for various types of gellan solutions are plotted 
against temperature for the cooling and heating pro- 
cesses in Fig. 4. For the heating process, the [0]2O2 values 
for 1 % solutions of Li, Na, Rb and TMA types of gellan 
take a reversible course. On the other hand, the [6]202 
values for 1 % solutions of K and Cs types of gellan take 
a nearly reversible course halfway and show a delay to 
recover to the value in the cooling process above 40 °C. 
In the delayed recovering process, the [0]2O2 values 
increase continuously, which is in contrast to the steplike 
increase in [0]2O2 observed in 1% gellan solutions with 
more than 40 mM [5]. Therefore, it is considered 
that some of the double helices form aggregates at lower 
temperatures and the aggregates are gradually disin- 
tegrated as the temperature increases in solutions of K 
and Cs types of gellan while the aggregates are 
precipitously disintegrated at higher temperature in 
gellan solutions with more than 40 mM where 




Fig. 3 Plots of the transition temperature determined by circular 
dichroism spectra against gellan concentration for Li-(O), Na-(A), 
K-(A), Rb-(#), Cs-(D) and TMA-(H) gellan solutions 




Temperature / °C 

Fig. 4 Plots of [0]2 o 2 for various types of 1 % gellan solutions against 
temperature for the cooling (T) and heating (A) processes 

excess reinforces the bonding between the double 
helices. 

Temperature dependence of 'H J2 of water 
in gellan solution 

The T’2 values of water in Li, Na, K and TMA types 
of gellan solutions are plotted against temperature for 
the cooling and heating processes in Fig. 5. For the 
cooling process, the *FI T 2 value decreases gradually 
with decreasing temperature down to around Tcd 
because of the slowing of the molecular motion of 
water, and it then decreases steeply. This steep decrease 
of the 'FI T 2 value is thought to be caused by the change 
of the proton-exchange rate between a water molecule 
and a hydroxyl group in gellan [5]; namely, the hydrogen 
bond within the double helix is formed with the 
conformational change of gellan from the random coil 
to the double helix. For the heating process, 1% 
solutions of Li-gellan and Na-gellan show reversibility 
courses; on the other hand, a 1% solution of K-gellan 
shows a large delay of recovery to the value in the 
cooling process. This means that the hydrogen-bonding 
structure formed at low temperature is stable in K-gellan 
compared with those in Li-gellan or Na-gellan solutions. 
This tendency is identical with that in the CD experi- 
ment. For a 1% TMA-gellan solution, however, the *H 
T 2 value does not recover to the original values at high 
temperature, although the temperature dependence of 
[0]2 o 2 shows reversibility. This indicates that some of 
hydrogen-bonding structures formed at low tempera- 
tures remain even after the double-helix structure 
disappears. 

The 'H J2 value for 4% solutions of Li-gellan and 
K-gellan in the higher-temperature range are smaller 
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Temperature / °C 

Fig. 5 Temperature dependence of 'H T 2 of water in various types of 
1% (•, O) and 2% (A, A) gellan solutions for the cooling (•, A) and 
heating (O, A) processes 

than those for 1% solutions. The temperature indicating 
a steep decrease in 'H T 2 shifts to higher temperatures 
for the 4% solution that for the 1% solution. This means 
that the formation of a hydrogen-bonding structure 
becomes easier in the higher gellan concentration 
solution. At the high temperature, the gellan molecule 
adopts the random-coil form and 1 /t„ > - cug, 

where r„ is the mean residence life time of a water 
proton, and ct)„ and cOg are the resonance frequencies for 
the water proton and the hydroxyl proton of gellan, 
respectively [5]. Therefore, the observed 'H T 2 value 
(T 2 ,obs) is an average value of those for the water proton 
and the hydroxyl proton of gellan as expressed in 
Eq. (1). 

T2,obs = 0 w/T2.w + Pg/T2,g)^' 

= 72,w72,g/(^’w72,g +/’g72,w) ) (1) 

where /?„ and pg are the fractions of the water proton 
and the hydroxyl proton of gellan, respectively, and 



and are the *H Tg values for the water proton and 
the hydroxyl proton of gellan, respectively, where 
Tg,w ^ Since the diffusibility of water in 4% gellan 
solution is nearly the same as that of pure water (data 
not shown), the decrease in Tg^obs is attributed to the 
increase in pg. For the heating process, the T 2 value 
for the 4% Li-gellan solution shows the irreversibility to 
recover the value, though the 1% solution shows 
reversibility. This means that the aggregate of the 
double helices is formed in the high concentration 
solution. For the 4% K-gellan solutions, the 'H Tg 
value remains almost the same in the heating process. 
Therefore, it is considered that the aggregate of the 
double helices formed at low temperature is more 
stabilized than that in the 1% gellan solution. 



Conclusion 

The random-coil-to-helix transition of anionic gellan 
molecules in aqueous solution showed a concentration 
dependence of the gellan molecule as well as a 
countercation dependence. With increasing concentra- 
tion of gellan from 0.125 to 2% the transition occurs 
at higher temperature in the range 2-25 °C. The 
countercation affects the transition temperature in a 
complicated manner because of the effect of aggrega- 
tion of helices, which is reflected in the irreversible 
return from helices to random coils in some cases. The 
transition temperature determined by CD and that 
determined by NMR are not always coincident with 
each other. In the cooling process, i.e., the transition 
process from random coil to helix, the change in the 
water proton relaxation time, Tg, for NMR is ahead 
of the change in the molar ellipticity at 202 nm for the 
CD spectra in the case of Na-gellan and TMA-gellan 
(see Fig. 5). This observation is quite interesting for 
understanding the behavior of the water molecule 
and the behavior of the polymer chain in helix 
formation. 
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Discussion 

Kajiwara You showed that the temperature dependence 
of molar ellip deity for the gellan solutions with and 
Cs^ shows the hysteresis while that of the solution with 
other monovalent cations shows no hysteresis, as shown 
in Fig. 4. If the role of monovalent cations contained in 
equivalent with carboxylic group of gellan is only to 
neutralize carboxylic groups and to shield the electro- 
static repulsion between them, the effect on the stabili- 
zation of double-helix structure might be same between 
different monovalent cation species in the same concen- 
tration of polymer and monovalent cation. Why the 
solution shows the different temperature dependence 
according to monovalent cation species? 

Matsukawa It is considered that cations of and Cs^ 
have a specific interaction with gellan chain, as indicated 
for the gellan solution with concentrated in our 
paper (reference 5), even in the solution with equivalent 
cation. However, the mechanism is not clear. 

Kajiwara Is there any influence of small difference in the 
concentration of divalent cations, such as Ca^^ as 
shown in Table 1? 

Matsukawa In order to check the influence of small 
difference in Ca^^ concentration, we added Ca^^ into 
the Li type gellan solution. The added Ca^^ concentra- 
tion was higher than that in K or Cs type gellan solution. 
As the result, the temperature dependence of molar 
ellipticity for the both solutions was same, and the 
hysteresis did not appear. Therefore, we considered that 
there is no influence of the small difference in Ca^^ 
concentration. 

Tokita These hysteresis behaviors are similar to those of 
k-carrageenan gels. In the case of k-carrageenan gels, we 
studied the motional state of Na^, Rb^, and Cs^ ions 
by the multinuclear NMR that suggest that Rb ion 
strongly interacts with carrageenan molecule than other 
cations. The NMR parameters show large hysteresis 
during the cyclic change of temperature in the case of 
carrageenan system. The cations, and Rb^, also 
strongly interact with gellan as suggested by Annaka. In 



the case of gellan, difference is clear between Na^ and 
other cations, and Rb^. However, the hysteresis 
behaviors of NMR parameters of and Rb^ were not 
clear. I guess that the detailed multinuclear NMR study 
will promote a better understanding of hysteresis 
behaviors in gellan gum. 

Ogawa In our data from viscosity measurement for the 
cation-added 3rd Na-type gellan solution, and Cs^ 
ions effected much increase in temperature at the sol-to- 
gel transition, as compared with Li^ and Na^. I think 
and Cs^ have some specificity to gellan, or more 
generally to polysaccharide. 

Kajiwara In your paper (reference 5), for the gellan 
solution with more than 40 mM of K^, you found the 
hysteresis of temperature dependence of molar ellipticity 
and ^H J 2 value, and gave the explanation that some of 
the double-helices form the aggregate reinforced by 
hydrogen bonding between double-helices. Is it possible 
to give the same explanation for the hysteresis of molar 
ellipticity observed for the gellan solution with equiva- 
lent or Cs^? 

Matsukawa We consider that helices partly make the 
aggregate even in the gellan solution with equivalent 
or Cs^ , although the solution does not visually show the 
gelation, and a disintegrating of the helix structure was 
delayed. 

Kajiwara Is there the possibility that the hysteresis was 
observed as the result of the competition of unfolding 
the double-helix and forming the helix structure which 
has more stability than that formed at low temperature, 
as discussed for the results shown in Fig. 8(h) of paper 
by Miyoshi and Nishinari (Miyoshi E, Nishinari K 
(1999) Progr Colloid Polym Sci 114: 68-82, 83-91) and 
in Fig. 6(a2) and (b2) of paper by Matsukawa et al. 
(reference 5)? 

Matsukawa At this stage, we considered that the 
hysteresis comes from the distribution of the stability 
of the helix structure. We need more detailed study to 
make the mechanism of the disintegration of helix 
structure with the hysteresis clear. 
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Abstract A phase diagram of wa- 
ter-gellan gum systems was estab- 
lished using a common sample over 
a wide concentration range, from 
dry gellan to 0.1% [(grams of gellan 
gum)/(grams of water) x 100%]. 

The phase-transition temperature 
was mainly measured by differential 
scanning calorimetry. Data obtained 
by various experimental techniques 
using the same sample are also cited. 
The glass transition, melting, liquid 



crystallization and the gel-sol tran- 
sition were observed depending on 
the concentration and the tempera- 
ture. 



Key words Gellan gum • Water • 
Phase diagram 



Introduction 

Polysaccharide electrolytes show no first-order phase 
transition when they are completely in the dry state [1]; 
however, if water is added to polysaccharide electrolytes, 
various types of phase transition are observed depending 
on the water content. The phase transition of water- 
polysaccharide electrolytes has been observed using 
various experimental techniques, such as thermal, rheo- 
logical and electrical methods [2]. Characteristic features 
of the phase transition of polysaccharide electrolyte 
systems are 

1 . A large variety of phases can be found when the water 
content and temperature are changed over a wide 
range, i.e. gel-sol transition, liquid-crystal transition, 
melting and crystallization of water, cold crystalliza- 
tion and glass-transition state [1]. 

2. The chemical structure of the sample is essential to 
establish the molecular arrangement. At the same 
time, it is important that the appropriate thermal 
history is given to the system in order to induce the 
molecular arrangement [3, 4]. 



3. The systems are thermodynamically nonequilibrium 
and the transition temperature depends on the time 
scale [3, 6]. In some cases, it is irreversible, suggesting 
that the phase varies to a large extent depending on 
the thermal history. 

Although phase diagrams of various kinds of water- 
polysaccharide systems have been made, water concen- 
trations covered in the phase diagrams, were limited in 
scale, due to insufficient experimental data [7, 8]. The 
cooperative research on gellan gum using the same 
common sample investigated by different experimental 
techniques by many research groups has made it possible 
to establish the phase diagram over a wide range of 
water concentrations [9]. 

In this study, the phase diagram of the gellan gum- 
water system was established over a wide range of water 
contents from dry gellan gum to 0.1% aqueous solution. 
The phase-transition temperatures of the systems were 
mainly obtained by differential scanning calorimetry 
(DSC), and experimental data reported by the gellan 
gum cooperative research group, affiliated with the 
Society of Polymer Science, Japan, are also included. 
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Experimental 

Sample 

The molecular mass and other characteristics of the common 
sample of gellan gum have been reported in detail [8], The molecular 
masses are = 3.6 x 10^ [10] and = 5.4 x 10“^ [11] and the 

concentrations of the metal cations are Na, 1900 pg g^', K, 
10800 pg g^’, Ca, 5120 pg g ' and Mg, 1460 pg g^’. The samples 
containing various water contents were prepared as reported 
previously [1]. The water contents of the gellan-water systems have 
been defined in two different ways. The water content (fFc = 0.2 to 
3.0 g g^') of the sample is defined as follows: 

fVc = (mass of water)/(mass of dry sample) (gg^’) • (1) 

Equation (1) is convenient when the systems contain a small 
amount of water. In contrast, Eq. (2) is used in a high-water- 
content range. 

Cs = grams of dry sample/litres water (gP') . (2) 

In this study, both and were used. 



Measurements 

A Seiko Instruments DSC 200 equipped with low-temperature 
cooling apparatus was used for the measurement of the phase 
transition. The mass of the sample was varied from 1 to 7 mg 
depending on ITc- The temperature range was from -150 to 80 °C, 
and the heating rate was 10 °C min^'. The experimental conditions 
are reported elsewhere [1]. A Leitze Orthoplan Pol polarizing light 
microscope was used to observe the liquid-crystal structure. 



Results and discussion 

The physical properties of gellan-water systems using a 
common sample have been reported by many research 
groups. The experimental techniques used and the 
concentration range of gellan-water systems covered 
are summarized in Table 1. 

Melting and crystallization 

In order to show the phase transition of the system, 
representative DSC curves of gellan-water systems 
containing various JVcS are shown in Fig. 1. The top 
curve (JVc = 0.2 g g“') shows no first-order phase 



Table 1 Methods of gel-sol transition measurements and the 
concentration range of gellan-water systems 



Concentration cj% 


Method' 


References 


4.32 


CAL 


[16] 


1.15 


VE 


[6] 


0.5-1.33 


VE 


[24] 


0.5-1.34 


USV 


[23] 


1-4.2 


VE, TA 


[20, 25] 


1-5 


TA 


[5] 


16-100 


TA 


U, 8] 



’ CAL = calorimetry, VE = viscoelasticity measurement, 
USV = ultrasonic velocity measurement, TA = thermal analysis 



K/g-g-' 




T/ “C 

Fig. 1 Schematic differential scanning calorimetry curves of water- 
gellan systems over a wide range of water contents Numerals in the 
figure show water content, (g g *) 

transition. As already reported [1], water molecules are 
tightly restrained by the hydroxyl groups and the ions 
show no first-order phase transition which is designated 
as nonfreezing bound water [1]. In the middle curve II 
(Wc = 0.75 g g~*), the glass-transition temperature 
(Tg, indicated by an arrow), cold crystallization (T^c), 
melting (T^) and liquid crystallization (Tic) are ob- 
served. Tcc was observed in a sample quenched from 
about 320 K to 120 K in a very narrow Wc range from 
0.7 to 1.5 g g~*. In the cooling curves (not shown) 
crystallization of water was always observed when Wc 
exceeded about 0.7 g g“' (%). 

Liquid crystallization 

Using polarizing microscopy, the molecular orientation 
was observed at room temperature (25 °C) for around 
1.0 g g~^ (%). The structure pattern of the polarizing 
micrographs was similar to that observed in other 
polysaccharide-water systems, such as xanthan gum- 
water [12], cellulose sulfate-water [13] and carboxy- 
methylcellulose-water [14]. The area where liquid crystal 
is observed is limited and a distinct line between the 
liquid-crystal state and sol state of gellan-water systems 
could not be verified by either DSC or polarizing light 
microscopy. 

Gel-sol transition 

It is known that gelation of gellan gum occurs by the 
formation of double-stranded helices, followed by asso- 
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ciation [2, 15, 16]. The gelation mechanism is markedly 
affected by the molecular mass, the concentration, the 
nature and the concentration of the added salt [17-19] 
and the thermal history [5]. In this study, in order to 
establish a phase diagram, data from many research 
groups on the gel-sol transition temperatures employing 
a common sample without added salts were used. The 
samples used in the cooperative research on common 
gellan gum were heated to 90 °C before gelation. 

The bottom curve in Fig. 1 shows that the gel-sol 
transition temperature (Tg^s) is observed at around 
20 °C (4.3 g r^) [16]. Various mechanisms of gellation 
and models of the junction zone structure of gellan gum 
have been reported [2, 20]. At the present stage, it is 
appropriate to consider that the deaggregation of helices 
and the helix-coil transition occurs over a limited 
temperature range depending on the concentration. 



Glass transition 

The glass transition of water-polysaccharide electro- 
lytes is generally observed over a water-content range 
from Wc = 0.2 to 3.0 g g~^ [8]. Tg decreases from 400 
to 190 K when IFc increases from 0.2 to 0.7 g g“\ 
After passing the minimum Tg value, Jg increases with 
increasing and levels off at around = 2.0- 

3.0 g g~^ depending on the kind of polysaccharide [8]. 
When Wc exceeds about 3.0 g g“\ Tg is not detected. 
In almost all water-polysaccharide electrolyte systems, 
the minimum Jg is observed at IVc from 0.4 to 

1.0 g g~^ [1, 8, 12]. In the initial stage of water 
sorption, water molecules break inter- and intramolec- 
ular hydrogen bond of solid polysaccharides and 
molecular motion of polysaccharides is enhanced. Jg 
dramatically decreases in this stage. A drastic fall in Jg 
in low-water-content ranges is observed in amorphous 
oligo- and polysaccharides [27]. The Jg variation of 
saccharide-water systems is analysed using the 
Courchman approach [22] for neutral saccharides [27] 
and saccharide electrolytes [12]. The first-order phase 
transition of water in this range is not detected, 
since water molecules are strongly restricted by the 
hydroxyl groups of polysaccharide molecules. The 
molecular motion of polysaccharides accompanied by 
restrained water molecules is detected as the glass 
transition. Each water molecule is isolated in this stage 
and it is difficult to compose the crystalline phase. 

The JgS of gellan-water systems are observed over 
the same temperature range as for the other polyelec- 
trolyte polysaccharide systems as shown in Fig. 2. The 
Wc range where the Jg observed is narrower than that of 
the other water-polyelectrolyte polysaccharide systems. 

Figure 3 shows the relationship between the lowest 
Jg value and the where the lowest Jg is observed for 
various kinds of water-polysaccharide systems such as 




Fig. 2 Relationships between and (g g“'). Gellan (•) xanthan 
gum (A) [26], cellulose sulphate (V) [13], alginic acid (T) [27] 
hyaluronic acid (O) [12] 




Fig. 3 Comparison of IFe = 0.2-3.0 g g^' showing the minimum 
value of gellan with other polysaccharides. Gellan (filled circles) 
xanthan gum (1) [26] cellulose sulphate (2) [13] Alginic acid (3) [27] 
carboxymethylcell ulose (4) [14] hyaluronic acid (5) [12] 



water-sodium cellulose sulfate, carboxymethyl-cellulose 
sodium salts, xanthan gum and annealed hyaluronic acid 
[ 12 ]. 



Phase diagram 

The temperatures of each transition were plotted against 
Wc are shown in Fig. 4. In Fig. 4, J^s were observed 
when irregular ice was formed in the system. Jg^s varied 
according to the measurement technique. Even among 
viscoelastic results, the data do not agree since the 
frequency difference was large, i.e. 5 MHz [23] and 
2.8 X 10~^ Hz [6]. Jg was not clear in Fig. 4 since the 
range where the JgS were measured is narrow. 
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Conclusion 

In this study, the phase diagram of gellan-water systems 
was established over a IVc range from 0 to 230 g g~* 
(cs > 4 g r'). The temperature and the water-content 
ranges of various phases, such as glass, crystal, liquid- 
crystal, gel and sol states were established using the same 
common sample. 

Acknowledgements The authors are grateful to K. Nishinari 
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Fig. 4 Phase diagram of water-gellan systems over a wide range of 
water contents. Glass transition (Tg), melting (Tin), liquid crystalliza- 
tion (Tic), sol-gel transition (Tg^s)- Q; [20, 25], •; [6], A; [24], O; [23], 
■; [16] 
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Abstract Atomic force microscopy 
has been used to investigate the 
mechanism of gelation and the na- 
ture of the long-range molecular 
structure in gellan gum gels. Gellan 
gum has been studied as a model for 
thermoreversible polysaccharide 
gels. Images have been obtained of 
aggregates, gel precursors, aqueous 
films and bulk 3D aqueous gels. In 
the absence of gel-promoting cations 
helix formation leads to the forma- 
tion of elongated partly branched 
filaments. These filaments are of 
constant height and width, and as- 
sociation appears to involve just 
helix formation, without side-by-side 
aggregation of the helices. In the 



presence of the gel-promoting cation 
potassium gel precursors consisting 
of branched fibres of variable height 
and width are formed. These are 
believed to arise from side-by-side 
aggregation of the helical filaments. 
Similar branched fibrous structures 
have been observed forming the 
network structures of aqueous gellan 
films or 3D gels. The gel structure is 
seen to be a continuous branched 
network. There are no discrete 
junction zones: rather cation binding 
and helix association is continuous 
throughout the network. 

Key words Atomic force micro- 
scopy • Gellan • Gels • Gelation 



Introduction 

Gellan gum is an anionic bacterial heteropolysaccharide 
whose structure [1, 2] is based on the tetrasaccharide 
chemical repeat unit [-3 )-PdG1c-(1-4)-PdG1cA-( 1-4)-P- 
DGlc-otLRha-(l]. The native form of gellan is esterified 
[3], but the normal commercial product Gelrite, used in 
the present studies, is completely de-esterified. The 
nature of the preparation and purification process 
results in a material which is essentially the potassium- 
salt form [4, 5]. The regular nature of the chemical 
structure makes gellan an ideal model system for 
studying thermoreversible polysaccharide gelation, and 
recent papers [6, 7] provide a description of the current 
views on the mechanism of gelation. The structure of 
gellan gels has been deduced largely from physical and 
physical-chemical studies [6-9]. Oriented fibres produced 
from gellan films produce excellent X-ray diffraction 



patterns [10-16]. Analysis of these patterns has led to 
atomic resolution models for gellan helices and their 
packing within the crystalline “junction zones” formed 
in the presence of certain “gel-promoting” cations [12- 
16]. Thus, the junction zones within gellan gum gels are 
assumed to be locally aggregated (crystalline) regions 
formed due to the binding of certain cations. The 
gelation process itself is generally considered to involve 
two separable steps [6, 7] and the process is usually 
thermoreversible [6, 7]. The first stage on cooling the sol 
is considered to be a conformational change of the 
polysaccharide from a disordered “coil” form to an 
ordered helical structure. At sufficiently high concentra- 
tions this stage is also accompanied by intermolecular 
association or aggregation of the polysaccharide chains. 
The conformational change, and the associated aggre- 
gation are thermoreversible and show no detectable 
hysteresis on heating and cooling. In the absence of gel- 



103 



promoting cations, and at sufficiently high polymer 
concentrations, above the critical concentration for 
gelation, cooling leads to the formation of a weak gel 
network; however, this network structure easily breaks 
under strain, resulting in a dispersion of aggregated 
structures. This type of behaviour can be observed for 
the tetramethyl ammonium (TMA) salt form [6, 7]. The 
TMA cations appear to be too large to bind and thus 
cannot promote further assembly of the gellan helices. In 
the presence of gel-promoting cations the gel network 
structures formed above the critical concentration for 
gelation are permanent, and the gels show hysteresis 
effects on heating and cooling, both in the melting of the 
gel network and the “conformational” transition asso- 
ciated with the “helix-coil” transition of the gellan 
polysaccharide. The cations are believed to facilitate and 
stabilise association of gellan helices by binding within 
the junction zones of the gel. Different models for gellan 
gelation invoke different modes of association prior to 
cation binding, and thus differ in their model for the 
large-scale, long-range order of the gels. One school of 
thought suggests that the ordered “crystalline-like” 
junction zones of the gels are linked via lengths of 
disordered gellan chains [6]. In this type of “rubber 
elasticity” model for the gels the deformation arises due 
to changes in the configuration of the polysaccharide 
chain linking the junction zones. An alternative model 
has been proposed on the basis of light-scattering [17] 
and atomic force microscopy (AFM) studies [18]. This 
article presents further previously unpublished AFM 
data on gellan gels, films and gel precursors which 
support this alternative fibrous model for gellan gels. 
The gellan helices are considered to assemble into a 
branched fibrous gel network. 



Materials and methods 

The samples of de-esterified gellan (Gelrite) were purchased from 
Kelco. Gelrite is essentially the potassium-salt form of gellan. TMA 
forms of gellan were prepared in the following manner. An aqueous 
sol was prepared by dispersing Gelrite in distilled water (0.2%) and 
heating this sample in a sealed glass tube to 95-100 °C for 1-2 h. 
This sample was cooled to room temperature and the gellan 
precipitated at acidic pH by addition of 0.1 M HCl. The 
precipitated material was isolated by filtration, washed with water 
and ethanol and then redispersed in water. The polysaccharide was 
dissolved by neutralising the pH by the addition of 0.1 M TMA 
hydroxide. This procedure was repeated twice to ensure full 
conversion to the TMA-salt form. The sample was stored as a 
white, freeze-dried powder. 

For preparation of films and gel precursors the appropriate salt 
form was dispersed in distilled water at a concentration of about 
1 g 1^', heated to about 98 °C whilst stirring for 1-2 h, and then 
cooled to room temperature. The AFM specimens were prepared 
in the following way. For Gelrite films or TMA gellan samples the 
stock sol (1 g 1“') was diluted to a concentration of 10 mg 1“' with 
distilled water. For studies of Gelrite gel precursors the stock sol 
was diluted to 3 mg 1“' with distilled water. Drops (2 /il) of these 



samples were deposited onto freshly cleaved mica and were air- 
dried for about 10 min. The samples on mica were imaged in the 
direct current (d.c.) contact mode under butanol in order to 
eliminate adhesive forces and hence to prevent damage or 
displacement of the molecules or molecular networks. Two types 
of bulk 3D gels were examined. A 1.2% gellan (Gelrite) gel 
was prepared by heating the sol to 98 °C and pipetting the hot sol 
onto the mica and allowing the sample to gel on cooling to room 
temperature. Acid-set gellan gels were prepared by melting a 1.5% 
gellan gel, adding a solution of glucono-8-lactone (GDL) to 
reduce the pH below that of the pAl^ of the glucuronic acid 
residues, pipetting the hot sol onto mica, and allowing it to gel on 
cooling to room temperature. Addition of GDL reduced the 
effective polysaccharide concentration to 1.2% gellan. The bulk 
gels were imaged under butanol without any further sample 
preparation. 

The atomic force microscope used for these studies was 
designed and built by East Coast Scientific (Cambridge, UK). Its 
design and operation is described by Wong [19]. Images were 
acquired in the d.c. contact (repulsive force) mode under constant 
force conditions (typically in the range 2-3 nN). Short, narrow 
Nanoprobe cantilevers (Digital Instruments, Santa Barbara, Calif., 
USA) with a quoted force constant of 0.38 N m“‘ were used. 



Results and discussion 

The present work confirms earlier AFM studies [18] on 
gellan gelation. At the low dilutions of the sols dropped 
onto the mica the helical structure will have been diluted 
out leaving the polysaccharides in the coil form. Air- 
drying increases the polysaccharide concentration and 
the ionic strength of the medium promoting a coil-helix 
transition. At 10 mg F^ air-drying of the potassium salt 
leads to the formation of a network structure (Fig. la, b). 
In this case the final sample concentration must have 
exceeded the threshold concentration for gelation. The 
network consists of a giant branched fibrous structure. 
The images appear to show a variation in height and 
width for the fibres. The only ends of molecules seen in 
the network are short stubs sticking out from some of 
the fibres (Fig. la). These seem to be embryonic 
branches which have not grown into full fibres. These 
are the smallest size structures seen in the images and 
may in fact be individual helices. 

The network structure formed is related to the gel 
precursor structures shown in Fig. Ic and d. At a sample 
concentration of 3 mg F' the gellan samples do not 
form networks on drying down onto the mica. Instead 
they form dispersions of aggregates or gel precursors. 
After drying down onto mica the final sample concen- 
tration appears to be below the threshold concentration 
required for gelation. These gel precursors formed from 
the salt form show variations in both height and 
width (Fig. Ic, d) similar to that observed for the fibres 
in the networks formed at higher concentrations 
(Fig. la, b), suggesting that for both the network and 
the gel precursors there is side-by-side aggregation of 
helical structures, possibly resulting from the binding of 
the counterions. 





104 



Fig. la-f Atomic force micros- 
copy images of gellan aggre- 
gates, gel precursors and 
aqueous films. Network struc- 
tures formed in aqueous gellan 
(Gelrite) films, deposited from 
10 mg r' sols: a image size 
800 X 800 nm, b image size 
1.2 X 1.2 /im. Gel precursors 
formed from potassium gellan 
(Gelrite), deposited from 
3 mg r' sols: c image size 
800 X 800 nm, d image size 
1.6 X 1.6 imi. Aggregates 
formed by tetramethyl ammo- 
nium gellan, deposited from 
10 mg r' sols: e image size 
1.5 X 1.5 fim, f image size 
1.0 X 1.0 fitn 




In the TMA form any weak networks formed are 
disrupted by shear during drying onto the mica, leaving 
a dispersion of elongated branched filamentous struc- 
tures (Fig. le, f). The filaments appear to be of constant 
height and width. These images suggest that the coil- 



helix transition in the TMA form leads to aggregation 
and branching, but there is no lateral association of the 
helices. This latter and separable step, therefore only 
arises in the presence of the gel-promoting cations which 
allow the filaments to assemble into branched fibres. 
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Fig. 2a-f Images of aqueous 1.2% Gelrite bulk gels, a Topographic 
image, image size 5.0 x 5.0 iim, b equivalent error signal mode image, 
image size 5.0 x 5.0 iim, and c equivalent filtered error signal mode 
image, image size 5.0 x 5.0 /mi. d Topographic image, image size 
8.0 X 8.0 fim, e equivalent error signal mode image, image size 
8.0 X 8.0 jjm, and f equivalent filtered error signal mode image, image 
size 8.0 X 8.0 fim 

The images in Fig. 1 can be used to construct a 
model of the gelation process. In the absence of gel- 
promoting cations the coil-helix transition for TMA 
gellan leads to association. Above the critical concen- 
tration for gelation this may result in the formation of a 
weak network structure. This suggestion is based largely 
on conclusions drawn from reported rheological studies 
on TMA gellan samples. The AFM images (Fig. le, f) 
show what are presumably remnants of such networks. 
The elongated filaments suggest end-to-end association 
of gellan molecules on helix formation, supporting 
similar conclusions based on light-scattering measure- 
ments [17]. Since the widths of the hlaments are constant 
along their length, branching must arise due to the 
formation of multiple interchain associations involving 
double-helix formation. The only mode of association 
involves helix formation and this stage remains thermo- 



reversible without hysteresis effects. In the presence of 
cations the variation in height and width of the 
fibres (Fig. Ic, d) suggests that they are formed by side- 
by-side aggregation of the filaments. This would suggest 
a binding of the cations between the helices along the 
length of the fibres. The images of the gellan films 
(Fig. la, b) suggest that aggregation of the filaments 
leads to a continuous branched fibrous network. The 
aggregation step involving cation binding gives rise to 
the hysteresis effects on melting and setting of the gels. 
This type of structure differs from the commonly 
accepted model for polysaccharide gels [20]: in such 
conventional models the gels are pictured as containing 
ordered junction zones, formed by association of 
ordered helical segments of the polysaccharides, linked 
by disordered sections of the polysaccharide chains. 
Essentially the elastic modulus is determined by the 

► 

Fig. 3 Images of aqueous acid-set gellan gels. Sample concentration 
1.2% gellan. The central image is a high pixel density image 
(1024 X 1024 pixels): image size 1.5 x 1.5 fim. The remaining images 
are zooms of the four quadrants indicated by the arrows. These are 
lower density pixel images (256 x 256 pixels): image sizes 

375 X 375 nm 
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number density of junction zones and the deformation 
of the network arises from changes in the configuration 
of the disordered regions. A model of this form has been 
proposed for gellan gum gels [7]. The images shown in 
Fig. 1 suggest that there are not separate junction zones; 
rather the interhelical binding is continuous throughout 
the entire fibrous network of the gel. In this case the 
modulus is determined by the degree of branching of the 
fibres, and the deformation of the gel involves stretching 
and bending of the fibres. 

The present conclusions are based on imaging films 
and isolated aggregates. Under suitable conditions it is 
possible to obtain images of the molecular structure 
within bulk 3D aqueous gels [18]. Aqueous gels are in 
general difficult to image. This is most likely due to the 
fact that the probe can deform the gel during scanning, 
thus blurring the image. In fact there are very few 
publications on AFM of gels and films [21-26], and 
only one paper on aqueous gels [18]. Studies on gelatin 
films failed to achieve molecular resolution [23, 26] 
although the use of water-alcohol mixtures to raise the 
Young’s modulus of the samples did improve the 
resolution [23]. As reported previously [18], attempts 
to image 1.2% aqueous gellan gels under normal 
imaging conditions failed to visualise any internal 
molecular structure. These gels are weak with a typical 
shear modulus of about 350 Pa. If the experimental 
difficulty is due to deformation of the gel surface during 
scanning, it may be possible to improve the images by 
scanning the gels very quickly; the image may be 
acquired before the gel can deform. Images of a 1.2% 
aqueous gel are shown in Fig. 2. The topographical 
images (Fig. 2a, d) show evidence of a periodic structure 
superimposed on the gel structure. This effect is a 
common artifact seen when images are acquired at too 
fast a scan speed. It is just possible to resolve what 
appears to be a branched fibrous network structure 
below the surface of the gel. This is easier to see in the 
equivalent error signal mode images (Fig. 2b, e). If 
these images are then filtered in order to remove the 
periodic component the structure of the gel becomes 
clearer (Fig. 2c, f). It is possible to see a branched 
fibrous network structure but the images of these weak 
gels are not particularly clear. 

Acid-set gellan gum gels are much stiffer than normal 
gels: an acid-set 1.2% aqueous gel has a shear modulus 
of about 10"^ Pa. As observed previously [18], it was 
found that for these gels it was possible to resolve clearly 
the molecular structure beneath the surface of the gel 
(Fig. 3). The central image in Fig. 3 is a high pixel 
density (1024 x 1024 pixels) image and the surrounding 
images are zooms showing selected quadrants of the 
network. The central image shows light and dark 
regions: these arise due to the roughness of the gel 
surface. The number of gray levels required to define the 
molecular structure over the entire image cannot all be 



perceived by the eye. At the peaks or troughs the 
molecular structure cannot be perceived although the 
information is actually present in the image. The central 
image shown in Fig. 3 can be zoomed and such zooms of 
the four quadrants are also shown in Fig. 3. Zooming 
has the effect of flattening the image, reducing the 
surface curvature and emphasizing the molecular net- 
work. The fibrous structure seen within the aqueous 3D 
gel is the same as that observed in the films. The 
polysaccharide concentration observed beneath the 
surface of the gel is apparently much higher than might 
be expected for a gel containing 98.8% water. This may 
be due to loss of water at the surface of the gel. 
Alternatively imaging under butanol may also enhance 
the polysaccharide concentration, although no bulk 
shrinkage of the gels was observed under butanol over 
periods of time longer than that required to image the 
gels. Thus it is believed that the images shown in Fig. 3 
are representative of the true structure of the aqueous 
gel. These images confirm the fibrous structure of the gel 
deduced from studies on aggregates and films. The 
fibrous structure of gellan gels is consistent with other 
investigations on gellan gelation. Light- scattering stud- 
ies of gellan gels [27] suggest an average mass unit length 
equivalent to fibres composed of a few (2-3) gellan 
helices. Small-angle X-ray scattering studies [8, 9, 28, 29] 
are also consistent with side-to-side aggregation of small 
numbers gellan helices. This type of model is also 
consistent with the transparent nature of the gels and the 
fibrous branched structures reported for pregelling 
gellan samples studied by both electron microscopy 
[30] and AFM [18, 31]. The AFM images of hydrated 
gellan films (Fig. la, b) are very different to previously 
reported scanning tunnelling microscopy (STM) images 
of dried gellan films [31]; however, STM measurements 
on thick, dry biological specimens are very difficult to 
perform and to interpret, and the contrast mechanisms 
are still poorly understood. 



Conclusions 

The present studies confirm earlier investigations [18] in 
demonstrating that AFM can be used to investigate the 
mechanisms of gelation and also the architecture of 
polysaccharide gels. Studies of polysaccharide gelation 
have been made using the model system of gellan gum. 
By manipulating the polysaccharide concentration, or 
by changing the type of counterion, it has been possible 
to prepare samples of gellan aggregates or gel precur- 
sors. These studies support the suggestion that gelation 
is a two-stage process: the coil-helix transition results in 
the formation of filamentous structures which, in the 
presence of “gel-promoting” cations, further assemble 
into branched fibres formed by association of these 
filaments. The gels have no discrete junction zones: 
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cation binding occurs continuously throughout the 
fibres. The long-range fibrous structure within the gels 
can be visualised in thin aqueous films and gels. The 
fibrous structures observed differ from the conventional 
“textbook” models of polysaccharide gels. Since gellan 
gum is considered to be a model system for thermore- 



versible polysaccharide gels, it is possible that the 
structures of other polysaccharide gels are similar in 
nature. 

Acknowledgement The research described in this article was 
funded by the BBSRC through the core grant to the Institute. 



References 



1. O’Neil MA, Selvendran RR, Morris VJ 
(1983) Carbohydr Res 124: 123 

2. Jansson P-E, Lindberg B, Sandford PA 
(1983) Carbohydr Res 124: 135 

3. Kuo MS, Mort AJ, Dell A (1986) 
Carbohydr Res 156: 173 

4. Sandford PA, Cottrell IW, Pettit DJ 
(1984) Pure Appl Chem 56: 879 

5. Baird JK, Sandford PA, Cottrell IW 
(1983) Biol Technol 1: 778 

6. Morris VJ (1996) In: Stephen AM (ed) 
Food polysaccharides and their appli- 
cations. Dekker, New York, p 341 

7. Robinson G, Manning CE, Morris ER 
In: Dickinson E (ed) Food polymers, 
gels and colloids. Royal Society Chem- 
istry, London, p 22 

8. Yugichi Y, Mimura M, Kitamura S, 
Urakawra H, Kajiwara K (1993) Food 
Hydrocolloids 7: 373 

9. Yoshide H, Takahashi M (1993) Food 
Hydrocolloids 7: 387 

10. Carroll V, Miles MJ, Morris VJ (1982) 
Int J Biol Macromol 4: 432 

1 1 . Attwool PT, Atkins EDT, Upstill C, 
Miles MJ, Morris VJ (1986) In: Wed- 
lock DJ, Williams PA, Phillips GO 
(eds) Gums and stabilisers for the food 
industry, vol 3. IRE, Oxford, p 135 



12. Chandrasekaran R, Millane RP, Ar- 
nott S (1988) In: Phillips GO, Wedlock 
DJ, Williams PA (eds) Gums and 
stabilisers for the food industry 4. 
IRL Oxford, p 183 

13. Chandrasekaran R, Puigianer LC, 
Joyce KL, Arnott S (1988) Carbohydr 
Res 181: 23 

14. Chandrasekaran R, Millane RP, Ar- 
nott S, Atkins EDT (1988) Carbohydr 
Res 175: 1 

15. Chandrasekaran R, Radha A, Thai- 
lambal VG (1992) Carbohydr Res 224: 
1 

16. Chandrasekaran R, Thailambal VG 
(1990) Carbohydr Res 12: 431 

17. Gunning AP, Morris VJ (1990) Int J 
Biol Macromol 12: 338 

18. (a) Gunning AP, Kirby AR, Ridout 
MJ, Brownsey GJ, Morris VJ (1996) 
Macromolecules 29: 6791: (b) Gunning 
AP, Kirby AR, Ridout MJ, Brownsey 
GJ, Morris VJ (1997) Macromolecules 
30: 163 

19. Wong TMH (1991) PhD thesis. Uni- 
versity of Cambridge, UK 

20. Rees DA, Morris ER, Thom D, Mad- 
den J (1982) In: Aspinall GO (ed) The 
polysaccharides, vol 1 . Academic Press, 
New York, p 195 



21. Gunning AP, Kirby AR, Morris VJ, 
Wells B, Brooker BE (1995) Polym Bull 
34: 615 

22. Kirby AR, Gunning AP, Morris VJ 
(1996) Biopolymers 38: 355 

23. Radmacher M, Fritz M, Hansma PK 
(1995) Biophys J 69: 264 

24. Suzuki A, Yamazaki M, Kobiki Y 
(1996) J Chem Phys 104: 1751 

25. Wigren R, Billsten P, Erlandsson R, 
Lofas S, Lundstrom I (1995) J Colloid 
Interface Sci 9: 1594 

26. Haugstad G, Gladfelter WL, Keyes 
MP, Weberg EB (1993) Langmuir 9: 
1594 

27. Burne PM, Sellon DB (1994) Biopoly- 
mers 34: 371 

28. Yuguchi Y, Mimura M, Urakawa H, 
Kitamura S, Ohnot S, Kajiwara K 
(1996) Carbohydr Polym 30: 83 

29. Izumi Y, Kituta N, Sakai K, Takezawa 
H (1996) Carbohydr Polym 30: 121 

30. Stokke BT, Elgaester A, Kitamura S 
(1993) Int J Biol Macromol 15: 63 

31. Mclntire TM, Brant DA (1997) Bio- 
polymers 42: 133 

32. Nakajima K, Ikehara T, Nishi T (1996) 
Carbohydr Polym 30: 77 





Progr Colloid Polym Sci (1999) 114: 109-115 
© Springer-Verlag 1999 




E.R. Morris Rheology and gelation of deacylated gellan 

R.K. Richardson , ■ ■ ■ + xi i 

L.E. Whittaker polysaccharido with Na as the sole 

counterion 



E.R. Morris' (H) • R.K. Richardson 
L.E. Whittaker^ 

Cranfield University, Silsoe College 
Silsoe, Bedford MK45 4DT, UK 
e-mail: e.morris@cranfield.ac.uk 
Tel.: +44-1525-863302 
Fax: +44-1525-863363 

Present addresses'. 

' Department of Food Science 
and Technology 
University College Cork 
Cork, Ireland 

^ Executive Business Development Group 
Roquette (UK) Ltd. 

The Pantiles House, 2 Nevill Street 
Tunbridge Wells, Kent TN2 5TT, UK 



Abstract The effect of NaCl on 
the formation, melting, and me- 
chanical properties of Na^ gellan 
gels can be divided into five regions 
of rheological response. 

1. Small additions of salt, up to a 
total Na^ concentration of about 
25 mM, have virtually no effect on 
the rheological properties of the 
ordered polymer at low temperature; 
the solutions remain fluid on cool- 
ing, and give mechanical spectra 
similar to those of entangled poly- 
saccharide coils. 

2. Slightly higher concentrations 
(about 40 mM Na^) induce forma- 
tion of “weak gels” (i.e. solutions 
that remain pourable but give gel- 
like mechanical spectra). Network 
formation is attributed to Na^ ions 
promoting helix-helix aggregation 
by binding to carboxyl groups of the 
polymer and thus reducing charge 
density, and by suppressing residual 
electrostatic repulsion by nonspecific 
charge screening. 



3. Na^ concentrations in the 
approximate range 100-300 mM 
give true, self-supporting, gels whose 
strength and setting point (Tq) in- 
crease with increasing concentration 
of salt and which melt in two steps, 
attributed to dissociation of unas- 
sociated helices and cation-mediated 
aggregates, respectively. 

4. To continues to increase with 
Na^ concentration over the range 
300-750 mM, but the gel strength 
falls, suggesting destabilisation of 
the network structure by association 
of helices into a progressively smal- 
ler number of progressively larger 
aggregates. 

5. At NaCl concentrations above 
about 750 mM, To drops sharply. 

It is tentatively suggested that this 
reduction in the stability of the helix 
structure is of lyotropic origin. 

Key words Gellan polysaccharide • 
Gelation • Rheology • Coil-helix 
transition • Helix-helix transition 



Introduction 

Gelation of polysaccharides by association of chains 
into ordered junction zones [1] involves a massive loss of 
conformational entropy, which must be more than 
balanced by enthalpically favourable interactions (non- 
covalent bonds) between the participating strands. 
When the chains are charged, intermolecular electro- 
static repulsion presents a further barrier to close 
packing. Network formation by anionic polysaccha- 



rides, therefore, often requires neutralisation or screen- 
ing of charge by appropriate cations. 

The most direct way in which counterions can 
promote association is by incorporation as an integral 
part of the intermolecular assembly, as proposed in the 
“egg-box” model for Ca^^ -induced gelation of alginate 
[2] and pectin [3], which involves arrays of site-bound 
cations sandwiched between the polymer chains. An 
analogous mechanism has been proposed [4] for Ca^^- 
mediated association of deacylated gellan in the double- 
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helix structure identified by X-ray fibre diffraction in the 
solid state [5], and is supported by the stoichiometric 
relationships observed [6] between Ca^^ concentration 
and gel properties (elasticity and melting temperatures) 
on progressive addition of CaCl 2 to nongelling solutions 
of gellan in the (CH 3 ) 4 N^ salt form. At the opposite 
extreme, progressive addition of (CH 3 ) 4 NC 1 to 
(CH 3 ) 4 N^ gellan induces the gradual development of a 
network structure [7], consistent with nonspecific screen- 
ing of electrostatic repulsion by counterions present as 
an “ion atmosphere” around the polymer chains. 
Monovalent metal ions, although far less effective than 
divalent species, induce gelation at significantly lower 
concentration than (CH 3 ) 4 N^, and their effectiveness 
varies with ionic size [8], suggesting some form of 
specific binding interaction with gellan, in addition to 
simple charge screening. 

Previous investigations have explored the effect of 
Na^ on the failure properties of gellan gels under 
compression [9] and on the temperature course of the 
disorder-order and order-disorder transitions [10, 11]. 
The aim of the present work was to use small- 
deformation oscillatory measurements to monitor the 
temperature course of gelation and melting, and to 
characterise the rheological properties of the networks 
formed, with Na^ as the sole counterion. 



Materials and methods 

Gellan gum (Kelcogel, batch number 77 109 A), kindly supplied by 
Kelco, San Diego, USA (now The NutraSweet Kelco Company), 
was converted to the Na'*' salt form by cation exchange at 90 °C 
on Amberlite IR 120 resin, dialysed extensively against distilled 
deionised water, and freeze-dried. Solutions were prepared by 
mechanical stirring at 90 °C, with appropriate addition of NaCl 
(AnalaR grade from BDH), using distilled deionised water 
throughout. The concentration of Na''' introduced as counterions 
to the polymer was calculated using a formula weight of 668 for the 
sodium-salt form of the tetrasaccharide repeat unit [12, 13] of 
deacylated gellan: 

^ 3)-/i-D-Glcp-(l ^ 4)-/i-D-Glc/)A-(l ^ 4 )-j5-d-G1c/)-( 1 ^ 4) 
-a-L-Rha/i-( 1 ^ 

Low-amplitude oscillatory measurements of the storage modulus 
(G'), the loss modulus (G") and the complex dynamic viscosity 
[if = [G'^ + joi, where to is the frequency of oscillation] 

were made on a sensitive prototype rheometer designed and 
constructed by one of us (R.K.R.). Strong gels were characterised 
using a novel perforated-cylinder geometry in which the sample 
surrounds and penetrates both the moving and stationary elements, 
to avoid slippage. Weaker samples were studied using cone-and- 
plate geometry (diameter 50 mm; cone angle 0.05 rad). To 
circumvent problems of thermal expansion/contraction during 
heating and cooling scans, the cone was truncated over 45% of 
its diameter, giving a gap of 0.5 mm between the flat surfaces of the 
two elements, but keeping the strain constant at a fixed, maximum 
value across the outer portion (which constitutes 80% of the total 
area). Samples were loaded onto the rheometer at 90 °C, and their 
periphery was coated with light silicone oil to minimise loss of 
solvent. The temperature was controlled using a Haake circulating 



water bath and was measured with a thermocouple attached to the 
stationary element. A fixed heating or cooling rate of 1 °C/min was 
used throughout. 

Samples for compression testing were filled into cylindrical 
moulds (12.5-mm diameter; 12.5-mm height), lubricated with light 
silicone oil, sealed with lubricated coverslips, and held at 5 °C for 
3 days. Measurements were made at 5 °C, using a compression rate 
of 0.8 mm/s on a TA-XT2 texture profile analyser from Stable 
Micro Systems (Godaiming, Surrey, UK). The values of the stress 
ia) generated in resistance to compression are reported as force per 
unit cross-sectional area of the sample prior to deformation, with 
no correction for changes in geometry during compression. The 
strain (e) is reported as the “true” strain, defined by In (Lo/Z,), 
where Lq is the initial height of the sample and L is the height to 
which it has been compressed. 



Results 

For direct comparison with previous studies [10, 11] of 
the disorder-order and order-disorder transitions of 
Na^ gellan using differential scanning calorimetry 
(DSC) and circular dichroism (CD), initial experiments 
were carried out at a gellan concentration of 1.0 wt% 
(15 mM with respect to COO”). 

The mechanical spectra (variation in G' , G" and ty* 
with of) obtained, using cone-and-plate geometry, for the 
polymer in the ordered (double-helical) conformation at 
5 °C in water and in 10 and 25 mM NaCl are shown in 
Fig. 1. In the absence of added salt (i.e. with the 
counterions to the polymer giving an Na^ concentration 
of 15 mM), the mechanical spectrum (Fig. la) was 
broadly similar to those obtained for entangled net- 
works of disordered polysaccharide chains [14, 15]; 
at low frequency, viscous fiow (G") predominates over 
elastic response {G') and rf* levels out towards a 
“Newtonian plateau”; at higher frequencies the moduli 
converge, and rj* falls (shear thinning). Addition of 
10 mM NaCl, raising the total concentration of Na^ to 
25 mM, had virtually no effect on the rheological 
response (Fig. lb). 

Further increase in the Na^ concentration to 40 mM 
(by addition of 25 mM NaCl), however, caused a 
massive change in rheology. Although, as for the samples 
prepared at lower concentrations of Na^, the solution 
remained fluid on cooling, the mechanical spectrum 
obtained at 5 °C (Fig. Ic) has obvious gel-like character; 
G' exceeds G" by almost an order of magnitude, the 
moduli show little variation with frequency, and log rf* 
decreases linearly with increasing log m. Thus, as found 
for the (CH 3 ) 4 N^ salt form [7], there is a region of 
counterion concentration where Na^ gellan forms 
“weak gels” (i.e. pourable solutions, but with predom- 
inantly gel-like response to small deformations). 

On raising the concentration of NaCl to the levels 
required to give true, self-supporting gels, the samples 
showed clear evidence of slippage on the cone-and-plate 
configuration. This behaviour is illustrated in Fig. 2, 
which shows values of G' and G" recorded for 1.0 wt% 
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Fig. 2 Variation in the apparent values of G' (■), G" (O), measured 
on the truncated cone-and-plate geometry at 10 rad/s and 1% strain, 
for 1.0 wt% Na"^ gellan in 100 mM NaCl, on cooling at 1 °C/min 




Fig. 3 Variation in G' (perforated-cylinder geometry; 0.5% strain) for 
0.5 wt% Na’*' gellan on cooling (1 °C/min) in the presence of NaCl at 
concentrations of 100 mM (O), 200 mM (•), 400 mM (□), 700 mM 
(■) and 1000 mM (A) 



Fig. 1 Mechanical spectra (5 °C; 1 % strain; truncated cone-and-plate 
geometry) showing the variation in G' (■), G" (O) and r/* (A) with 
frequency (co) for 1.0 wt% Na"^ gellan in a water, b 10 mM NaCl and 
c 25 mM NaCl 

Na^ gellan in 100 mM NaCl on cooling (1 °C/min) 
from the disordered state at high temperature. There is 
an abrupt increase in both moduli at about 49 °C, 
closely coincident with the onset of conformational 
ordering, as monitored by DSC and CD studies of the 
same system [10, 11]. At lower temperature (about 
45 °C), however, there is a slight decrease in the 
apparent value of G', with erratic fluctuations in both 
moduli on further cooling. The problem was overcome 
by decreasing the polymer concentration to 0.5 wt%, 
and switching to a perforated-cylinder configuration 
designed specifically to eliminate slippage in previous 
studies of the gelation of K-carrageenan [16], which 
shows very pronounced apparent maxima in G’ on 
cooling in conventional geometries [17]. As illustrated in 



Fig. 3, the cooling traces obtained for Na^ gellan under 
these conditions showed no indication of slippage at 
NaCl concentrations up to 1 M. 

Two trends are apparent for the representative 
samples shown. First, the final moduli attained at low 
temperature show an initial increase and a subsequent 
decrease with increasing concentration of NaCl. At 
higher concentration, there is a similar reversal in the 
temperature at which network formation begins on 
cooling. The variation in G' at 5 °C with salt concen- 
tration for all samples studied, in comparison with some 
values for breaking stress (cb) from compression testing, 
is shown in Fig. 4. Both parameters reach a maximum at 
approximately the same concentration of NaCl (about 
300 mM), but the subsequent decrease in G' is substan- 
tially steeper. As shown in Fig. 5, the temperature (Tq) 
at the onset of gelation passes through a maximum 
(about 69 °C) at a much higher salt concentration 
(about 750 mM NaCl). 
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Fig. 4 Elfect of NaCl concentration on mechanical properties of 
gellan gels: G' (perforated-cylinder geometry; 10 rad/s; 0.5% strain) 
for 0.5 wt% Na''' gellan after 2 h at 5 °C (A); breaking stress (iTb) for 
0.7 wt% Na"^ gellan after 3 days at 5 °C (•) 




Fig. 5 Effect of NaCl on the gelation temperature (T),) of 0.5 wt% 
Na^ gellan 

A direct comparison of the temperature course of 
gelation and melting for 0.5 wt% Na^ gellan in 
200 mM NaCl is shown in Fig. 6a. Network formation 
occurs as a single, sharp process, with simultaneous 
rapid increase in G' and G" . As found in previous studies 
using DSC and CD [10, 11], however, the loss of 
network structure on heating occurs in two steps. The 
first is roughly coincident in temperature with the initial 
gelation process on cooling, and is seen as a sharp 
reduction in G' with an accompanying increase in G" , 
giving a weaker and less elastic network. The second is 
offset to higher temperature (by about 40 °C), and 
corresponds to complete loss of network structure, with 
both moduli dropping to the values seen for the initial 
solution prior to gelation. 

At higher concentration of NaCl (500 mM; Fig. 6b), 
the first melting process becomes undetectable, as was 
also found by DSC [10, 11] and the second is displaced 
to a temperature above the range at which measure- 





Fig. 6 Temperature dependence of G' {squares) and G" (circles), 
measured on the perforated-cylinder geometry at 10 rad/s and 0.5% 
strain, for 0.5 wt% Na^ gellan on cooling (open symbols) and heating 
(filled symbols) at 1 °C/min in a 200 mM NaCl and b 500 mM NaCl 



ments could be made (above 95 °C). The gels remained 
thermally irreversible at NaCl concentrations up to the 
highest used (1 M), with no indication of a decrease in 
stability corresponding to the reduction in setting 
temperature observed (Fig. 5) at very high concentra- 
tions of salt. 

Finally, the effect of polymer concentration was 
explored at a fixed concentration of salt, 300 mM NaCl, 
which corresponds to the maxima in G' and observed 
(Fig. 4) on varying the NaCl concentration while 
holding the polymer concentration fixed at 0.5 wt%. 
As shown in Fig. 7, the final values of G' attained at low 
temperature (5 °C) increase steeply with increasing 
concentration of Na^ gellan. The form of the concen- 
tration dependence is typical of a gelling biopolymer, 
and could be fitted with good precision to the general 
quantitative relationship between modulus and concen- 
tration derived from cascade theory [18], yielding a value 
of 0.127 wt% for the minimum critical gelling concen- 
tration. 

The concentration dependence of for the same 
samples is shown in Fig. 8. There is a systematic. 
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[Gellan] (wt %) 

Fig. 7 Concentration dependence of G' (perforated-cylinder geome- 
try; 10 rad/s; 0.5% strain) for Na"*" gellan in 300 mM NaCl. 
Measurements were made after cooling from 90 to 5 °C at 1 °C/min 
and holding at 5 °C for 35 min 




Fig. 8 Concentration dependence of for Na"*" gellan in 300 mM 
NaCl 

approximately linear, increase in with increasing 
concentration of Na^ gellan, from about 51 °C at 
0.2 wt% to about 60 °C at 1.1 wt%. Although small in 
comparison with the changes observed on varying the 
salt concentration at fixed concentration of gellan 
(Fig. 5), the variation in To is well beyond experimental 
error, and cannot be explained by changes in ionic 
strength due to counterions to the polymer since, in 
comparison with the background concentration of 
300 mM NaCl, their contribution to the total Na^ 
content is negligible (ranging from about 1% at the 
lowest gellan concentration used to about 5% at the 
highest). It would therefore appear that the temperature 
of network formation shows a small, but genuine, 
dependence on polymer concentration, in agreement 
with previous evidence [10, 11] from DSC studies, which 
showed a slight increase in the temperature of the 
disorder-order transition when the concentration of 
Na^ gellan was raised at fixed concentration of Na^. 



Discussion 

In two related investigations reported elsewhere [6, 7] we 
observed a striking qualitative difference in the devel- 
opment of gellan networks with increasing concentra- 
tion of Ca^^ or (CH 3 ) 4 N^. Small additions of Ca^^ 
produce an immediate, linear increase in G' [6]. With 
(CH 3 ) 4 N^ as the sole counterion [7], there is an initial 
region of salt concentration where the rheological 
response remains solution-like, followed by an interme- 
diate region of “weak-gel” properties, with the forma- 
tion of true, self-supporting gels only at higher 
concentrations of the counterion. The results of the 
present investigation show that Na^ ions also give three 
analogous regions of rheological behaviour, suggesting 
that their mechanism of action is more similar to that 
of (CH 3 ) 4 N^ than to that of Ca^^. The rheological 
changes, however, are offset to much lower concentra- 
tion of salt. For example, at a gellan concentration of 
1.0 wt%, “weak-gel” properties are already well estab- 
lished at a total Na^ concentration of 40 mM (Fig. Ic), 
whereas the onset of network formation with (CH 3 ) 4 N^ 
does not occur until the counterion concentration 
reaches about 250 mM [7]. 

The gelation and melting profiles obtained at higher 
concentrations of Na^, where the polymer forms 
“true” gel networks, complement and extend the 
conclusions of previous investigations [10, 11] in which 
the temperature course of the conformation change was 
monitored using CD and DSC. Conformational order- 
ing on cooling was invariably found to occur as a 
single process, but two separate conformational tran- 
sitions were observed on heating. The second process, 
which increased in magnitude and moved to higher 
temperature with increasing concentration of Na^, was 
attributed to melting of cation-mediated aggregates; the 
first, which occurred over approximately the same 
temperature range as the initial disorder-order process 
and became undetectable at high concentrations of salt, 
was attributed to the melting of unaggregated regions 
of helix structure. 

The same pattern of behaviour is clearly evident in 
the heating and cooling traces shown in Fig. 6. In 
particnlar, the increase in G" which accompanies the first 
reduction in G' on heating in Fig. 6a is entirely 
consistent with the melting of unaggregated helices, 
weakening the network but enhancing the sol fraction of 
“dangling ends”. The salt dependence of the second 
melting process also parallels the behaviour seen by 
DSC, with the final loss of network structure being 
displaced to progressively higher temperatures with 
increasing concentration of Na^. 

The rheological approach adopted in the present 
work, however, has allowed experiments to be carried 
out at salt concentrations which, for practical reasons. 
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could not be studied using DSC. In particular, the precise 
weighings required for accurate matching of sample and 
reference pans can be made only at temperatures close to 
ambient (because of the obvious problem of convection 
currents). Also, on the DSC instrument used [10, 11], 
the sample compartment cannot be opened at elevated 
temperature without risk of serious damage. It was 
therefore impossible to observe the disorder-order 
transition of samples which, once gelled, would not 
remelt at temperatures below 100 °C. In the present 
work, where samples were prepared and loaded at high 
temperature (90 °C), in contrast, the temperature course 
of network formation on cooling could be determined 
at salt concentrations yielding thermally irreversible gels 
(Fig. 6b). 

Addition of NaCl up to about 750 mM raises T^, as 
anticipated from the known elevation of the disorder- 
order transition temperature with increasing ionic 
strength [19]. At higher concentrations of salt, however, 
the gelation temperature drops sharply (Fig. 5), indicat- 
ing destabilisation of the double helix at high concen- 
trations of NaCl. The resulting gels, however, remain 
intact on heating to 100 °C, with no indication of a 
corresponding reversal in the salt dependence of the 
melting temperature. It would therefore appear that very 
high concentrations of NaCl decrease the stability of 
individual gellan helices, but enhance the stability of the 
helix-helix aggregates which cross-link the gel network. 

A similar inverse relationship between the stability of 
aggregates and their constituent helices has been ob- 
served previously for several other polysaccharides, 
including xanthan [20], where urea abolishes “weak- 
gel” properties but displaces the order-disorder transi- 
tion to higher temperature, Rhizobium trifolii capsular 
polysaccharide [21], where partial debranching increases 
the stability of the ordered strncture but progressively 
eliminates gel formation, and K-carrageenan [22], where 
the lyotropic effect of coanions produces large changes 
in the stability of the double-helix, with correspondingly 
large, but converse, changes in the extent of helix-helix 
aggregation and associated thermal hysteresis. 

The sensitivity of K-carrageenan to lyotropic changes 
in the solvent environment reflects its comparatively low 
charge density. No such effects are seen for (-carragee- 
nan [23], which, because of its much higher charge, is 
more readily soluble, and therefore less affected by 
solvent quality. The charge density of gellan is even 
lower (one charge per four sugar residues, in comparison 
with one per residue or one per two residues for the 
idealised repeating sequences of i-carrageenan and k- 
carrageenan, respectively). It seems possible, therefore, 
that the reduction in the gelation temperature observed 
for Na^ gellan at very high concentrations of NaCl may 
also be of lyotropic origin. 

At lower concentrations of NaCl, within the range 
where the gelation temperature (To) increases with salt 



content, there is a small, but systematic, increase in 
with increasing concentration of gellan at fixed concen- 
tration of salt (Fig. 8). A possible interpretation might 
be that, as proposed previously for gelation of gellan 
with (CH 3 ) 4 N^ as the sole counterion [7], the degree of 
ordering required to give a continuous network increases 
as the concentration of the polymer decreases. However, 
the concentration dependence of the (CH 3 ) 4 N^ salt form 
was seen as a sharp downturn in at polymer 
concentrations close to the minimum gelling concentra- 
tion, in contrast to the essentially linear variation shown 
in Fig. 8 for the Na^ form. Also, a similar concentration 
dependence was observed in DSC studies of Na^ gellan 
[10, 11], where the disorder-order transition was moni- 
tored directly from the associated changes in enthalpy, 
rather than indirectly from the formation of intermolec- 
ular network structure. It therefore seems likely that the 
observed increase in with increasing concentration of 
gellan under fixed salt conditions is due, at least in part, to 
a genuine concentration dependence of the disorder- 
order transition temperature. 

In reactions of small molecules, increasing concen- 
tration would, of course, be expected to shift the 
equilibrium for a biomolecular process towards the 
associated state. For polymers, by contrast, the effect of 
mass action in initiating nucleation of double helices is 
normally swamped by the equilibrium between propa- 
gation and unwinding of the ordered structure, which is 
independent of the total concentration [24]. A possible 
explanation for the unusual behaviour of Na^ gellan is 
suggested from the DSC studies previously mentioned 
[10, 11]. It was found that the onset of gelation, and 
associated two-step melting, with increasing concentra- 
tion of NaCl was accompanied by a sharp increase in 
cooperativity (i.e. reduction in peak width) of the DSC 
exotherms obtained on cooling, suggesting stabilisation 
of growing helices by cation-mediated aggregation. This 
proposal would, of course, also explain the concentra- 
tion dependence of the disorder-order transition tem- 
peratnre in the presence of sufficient NaCl to promote 
helix-helix aggregation and network formation. 

As already discussed, the mechanism by which 
monovalent metal ions induce association of gellan 
helices appears to be qualitatively different from the 
direct bridging introduced by divalent cations and 
quantitatively different from the nonspecific screening 
effect of (CH 3 ) 4 N^. X-ray fibre diffraction studies of 
gellan [25] indicate association of a counterion with 
each carboxylate group, and suggest the possibility of 
helix-helix association by carboxylate-cation-water- 
cation-carboxylate linkages. However, although such 
“water bridges” may contribute to the stability of 
intermolecular assemblies in the solid state, it seems 
unlikely that they would survive under hydrated condi- 
tions. A more probable interpretation is that mono- 
valent metal ions promote gelation by; 
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1. binding to individual helices and thus reducing their 
charge density, and 

2. suppressing residual electrostatic repulsion by non- 
specific charge screening, in the same way as 
(CH3)4N+. 

Formation of biopolymer gels, however, requires a 
balance between sufficient intermolecular association 
to cross-link the network, and sufficient hydration to 
prevent collapse to a solid precipitate [1]. Highly 
charged polysaccharides such as i-carrageenan have 
little tendency to precipitate, and can therefore tolerate 
high concentrations of salt. Network instability is 
greatest for neutral polymers such as agarose, where 
there is no electrostatic barrier to helix-helix aggrega- 
tion, and can be seen by, for example, gross syneresis 
on freezing and thawing. Gellan lies between these 
extremes. The initial effect of Na^ -induced aggrega- 
tion is to promote gelation by increasing the extent of 



cross-linking. The subsequent reduction in gel strength 
(Fig. 4) at NaCl concentrations above about 300 mM 
can then be explained by clustering of helices into a 
progressively smaller number of progressively larger 
aggregates. As might be expected from this interpr- 
etation, the decrease in the elastic response to small 
deformation {G'), which will be dominated by the 
overall cross-link density, is steeper than the reduction 
in the breaking stress, which will also be affected by 
the strength of the individual junctions. 
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Discussion 

Dr Matsukawa’s comment to Prof. E.R. Morris 

You found the two separate conformational transitions 
on heating for the gellan solution with a high concen- 
tration of Na^ (Fig- 6h) and attributed them to the 
dissociation of unassociated helices and cation-mediated 
aggregates. We also found the two-step changes in 
NMR and CD experiments on heating for 1% gellan 
solutions with 40 and 80 mM and attributed them 
to the dissociation of unaggregated and aggregated 



helices. However, we considered that the aggregates are 
reinforced by hydrogen bonding between helices, which 
becomes stronger by a higher shielding effect due to 
higher concentrations, and in addition, a specific 
interaction between and hydroxyl groups in gellan 
as found in the dextran/K^ system.' Further detailed 
investigations are needed to clarify the structure of the 
aggregates and the role of monocations. 
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Abstract In aqueous/low-sugar sys- 
tems it is considered that gellan gels 
are formed through the formation of 
double helices which further asso- 
ciate to form highly aggregated 
three-dimensional structures. In this 
study, large and small deformation 
measurements have been carried out 
on deacylated gellan gels in the 
presence of increasing levels of co- 
solute and the results are discussed 
in terms of the changing nature of 
the gel network. Large deformation 
measurements show a significant 
decrease in the gel modulus at 60% 
cosolute compared to gels with no 
added cosolute, accompanied by an 
increase in yield strain and yield 
stress and a decrease in the calcium 
required for maximum modulus. 
This argues for limited aggregation 
of the polymer chains in the presence 
of the cosolute. Small deformation 
measurements show that in 80% 
cosolute cooling profiles are typical 
of a material that undergoes vitrifi- 
cation. The Williams-Landel-Ferry/ 



free-volume theory has been suc- 
cessfully applied to these high-sugar 
gellan gum systems. The application 
of this theory requires a lightly 
cross-linked system where the con- 
tribution to elasticity is mainly 
entropic. The importance of the 
polymer lies in the introduction of 
a new phase, the rubbery region, 
which vitrifies readily upon cooling, 
resulting in a higher glass-transition 
temperature than for the sugar 
alone. The variation of the relax- 
ation distribution function with the 
time scale of the measurement shows 
a striking similarity between the 
biological materials studied here and 
synthetic polyisobutylene. We 
therefore envisage the gellan high- 
sugar system as a polymeric network 
of flexible disordered coils supported 
by occasional junction zones. 

Key words Gellan • Sugar • Vitrifi- 
cation • Distribution function • 
Activation energy 



Introduction 

In the past 3-4 years there has been a growing body of 
evidence to suggest that the usual disorder-to-order 
transition and helix-aggregation model for the gelation 
of polysaccharides in an aqueous environment is not 
entirely satisfactory to describe their behaviour in high- 
sugar systems. Because of the highly energetic state of 
the aqueous arrangement the contribution to the elastic 



component of a network is mainly enthalpic [1]. 
Conversely, in the presence of high levels of cosolute 
(e.g. 80% w/w), polysaccharide systems undergo a 
rubber-to-glass transition, with the viscoelasticity being 
followed by the principle of time-temperature super- 
position (TTS) [2-A], Results are rationalised with the 
combined Williams-Landel-Ferry (WLF)/free- volume 
framework, which requires a lightly cross-linked net- 
work with a dominant entropic elasticity (the enthalpic 
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component should be substantially reduced). The ap- 
proach allows the calculation of the glass-transition 
temperature (Tg), the fractional free volume at (/g) 
and the thermal expansion coefficient («f) of vitrified 
systems [5]. Recently, work on high-sugar/polysaccha- 
ride systems generated these characteristic parameters 
which were found to be in agreement with predictions 
for synthetic polymers. 

Gellan gum is a microbial polysaccharide produced 
by the organism Sphingomonas elodea (formerly known 
as pseudomonas) in a fermentation process. It is an 
example of a polysaccharide that gels through a disorder- 
to-order transition and subsequent lateral association of 
the helices to form highly aggregated three-dimensional 
structures. In the present study, large and small defor- 
mation measurements have been carried out on deacyla- 
ted gellan gels in the presence of increasing levels of 
cosolute. The changing nature of the gellan network is 
modelled on the basis of the WLF/free-volume theory. 
Detailed descriptions of the sample preparation and the 
test methods are provided elsewhere [2, 6]. 



Evidence of the rubbery nature 
of the gellan-sugar system 

Large deformation compression measurements estab- 
lished that the addition of sugars has a profound effect 
on the mechanical properties of gellan gels [6]. This is 
illustrated for sucrose in the stress-strain curves of 
Fig. 1. Although addition of sucrose up to the 40% w/w 
level has little effect on the Young’s modulus of the gels, 
it was found that the calcium required to obtain 
maximum values of the modulus was reduced by 
approximately a factor of 2. Above 40% sugar there 
was a further reduction in the calcium requirement for 
modulus maxima. Furthermore, an overall reduction in 
the values of the modulus, accompanied by an increase 
in the yield stress and the yield strain of the gel was 
observed (Fig. 2). Similar trends were seen in a wide 




Fig. 1 Effect of sucrose on the stress-strain profile of 0.5% w/w 
gellan gum gels 




Sucrose (%w/w) 

Fig. 2 Effect of sucrose on the modulus (■), yield stress (O) and yield 
strain (□) of 0.5% gellan gum gels 



range of cosolutes including, fructose, glucose, sucrose, 
maltose, 42DE corn syrup and 14DE maltodextrin [6]. 

Small deformation oscillatory measurements taken 
during controlled cooling of the gellan sample provide a 
valuable insight into the above-mentioned transforma- 
tion. In low solids (below 40% sugar) these typically 
show a sharp “explosive” transition from sol to gel, 
commencing at about 40 °C and developing over a very 
narrow temperature range, typically 2-3 °C [7]. As the 
sugar concentration is raised above 40%, a slower 
transition is recorded at higher temperatures (above 
60 °C) indicating formation of structures with greater 
thermal stablity. Initially both the low- and high- 
temperature traces are seen in the cooling profile, but 
as the cosolute level increases further (up to 80%) the 
high-temperature transition is reinforced at the expense 
of the low-temperature transition, which is eventually 
lost [7]. A plot of G' values at the completion of the 
second transition (taken at temperatures below 37 °C) 
and at the end of the first transition (pinpointed with the 
first derivative of G' with respect to temperature) as a 
function of sugar concentration shows how the low- 
temperature process diminishes, whereas the high-tem- 
perature process in enhanced but fails to compensate for 
the loss of the former (Eig. 3). The high-temperature 
transition has been attributed to the formation of lightly 
cross-linked gellan chains which are largely entropic, 
whereas the low-temperature counterpart is associated 
with the enthalpic aggregation of gellan in low-solids 
systems. 

Clearly, above 40% sugar significant changes in the 
nature of the gellan network begin to occur. The 
transformation from firm and brittle to progressively 
softer and more elastic gels argues for a reduction in the 
ability of gellan to form highly aggregated junction 
zones in the presence of “saturating” levels of sugar. At 
this point it is interesting to consider the nature of the 
solvent in these gellan-sugar systems. Sucrose solutions 
up to 30-40% w/w are composed of individual sucrose 
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Fig. 3 Elfect of sucrose on the first (□) and second (■) transitions 
seen in the cooling profile of gellan gum/sucrose systems 

molecules with a layer of closely bound water, sur- 
rounded by a sea of water [8]. Above this concentration, 
however, the system changes from solvated sucrose in 
water to a sucrose-water phase in which all the water 
is involved in hydrogen bonding with sucrose either 
directly or indirectly. This idea is supported by electron 
spin resonance spectroscopy. A decrease in the param- 
eter k above 40% sucrose has been observed, indicating 
a reduction in the number of hydrogen bonds formed 
between the spin probe and the solvent [9]. 

The change in the solvent quality and its rubbery effect 
on the mechanical properties of the gellan gel suggest that 
the reduced availability of water molecules prevents 
extensive aggregation in the network of the polysaccha- 
ride. Clearly a partially ordered system utilises lower levels 
of calcium than the aqueous counterpart, which should 
account for the drop in cation content required for 
maximum modulus values of the 60% cosolute gels [6]. 
Furthermore, using the nongelling, tetramethyl ammo- 
nium form of gellan, it has been shown that intermolec- 
ular associations can occur as the level of sucrose is 
increased above 50% [10]. 



Vitrification phenomena in the gellan-sugar system 

Cooling profiles of gellan in high-sugar systems show the 
gradual dominance of the first, high-temperature tran- 
sition (Fig. 4). Above 75% cosolute the low-temperature 
transition associated with the enthalpic aggregation is 
completely absent. This marks a complete transforma- 
tion of the gellan network from a predominantly 
enthalpic to an entropic system [11]. A detailed look at 
the cooling and heating profiles at 80% sugar (Fig. 5) 
reveals that the conformational transition commences at 
about 90 °C and proceeds gradually over 20 °C not 
exceeding 10 Pa (frequency of 1 rad/s). A relatively low- 
gradient increase in the modulus is observed at lower 




Temperature (°C) 

Fig. 4 Cooling profiles for gellan gum in 70% (O), 75% (A) and 80% 
(□) cosolute (scan rate: 2 °C/min; frequency: 1 rad/s) 




Fig. 5 Cooling G" (■), G' (A) and heating G" (□), G' (A) profiles 
of gellan in the presence of 80% TSS Total Soluble Solids (=0.82% w/w 
gellan gum), (scan rate: 2 °C/min; frequency: 1 rad/s) 



temperatures, which allows the solidlike component to 
form a network, albeit with a high sol fraction (tan S just 
above 1). Cooling and heating profiles effectively over- 
lap, whereas in the absence of sugar significant thermal 
hysteresis is observed [12]. In addition, high-sugar 
systems show a strong frequency dependence, whereas 
in the absence of sugar G' and G" remain flat [11]. 

Aqueous gellan gels undergo a first-order transition 
at subzero temperatures due to the freezing of water. 
This is seen, on a rheometer, as a sharp increase in G'. 
In the presence of high levels of sugar, however, the 
opposite is observed, i.e. G" overtakes G', with both 
traces showing a strong temperature dependence 
(Fig. 5). This type of cooling profile and the dominance 
of the loss modulus, G", at low temperatures is typical of 
a material that undergoes vitrification. A plot of shear 
moduli at the end of the cooling profile (-5 °C) shows 
the rapid development of the viscous component of the 
network with increasing levels of cosolute (Fig. 6). The 
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Fig. 6 Plot of G' (■) and G" (□) at the end of the cooling profile 
(-5 °C) as a function of total solids (data taken from Ref [7]) 

recovery of the elastic response at the upper level of 
cosolute relates to the glass-transition region where both 
moduli are expected to rise sharply [5]. 

Vitrification is a term used to describe the trans- 
formation of a material from a rubbery solid or a melt 
to an extremely high viscosity liquid (glass). Glasses 
are formed when a material is cooled so rapidly that 
there is no time for the molecules to crystallise. The 
most widely held theory for the occurrence of the glass 
transition is that of free volume. In its simplest form, 
the concept of free volume describes a three-dimen- 
sional lattice of individual molecules having a finite 
space within which to move. Thus, the glass transition 
is controlled by the amount of free volume available 
and, in order to flow, molecules must have neigh- 
bouring voids into which they can move. It then 
follows that, as the amount of void space decreases, 
the viscosity will increase. In the case of a polymer, 
segmental motion of the backbone and side-chain 
spinning occur at moderate temperatures above Tg. 
These motions define its volume and exclude other 
macromolecules from occupying it. The reduction in 
temperature restricts the long-range movements of the 
backbone (e.g. threadlike) which contribute to the 
elastic component, whereas the local conformational 
motions contributing to the viscous component are 
allowed to occur. As has been discussed, this induces 
dramatic changes in the mechanical properties of the 
material, which are thermally reversible. 

The course of vitrification of high-sugar gellan 
systems can be followed using the TTS principle [2]. 
TTS is founded on the premise that the variables of time 
and temperature have the same effect on the mechanical 
behaviour of a material. For example, lowering the 
experimental temperature of a material has the same 
effect as increasing the frequency of measurement and 
vice versa. Therefore, by measuring viscoelasticity as a 



function of frequency at a range of temperatures and 
rescaling the data to a single reference temperature, a 
master curve can be constructed over a greatly extended 
time scale. In this way the structural properties of a 
system can be explored outside the normal working 
frequency range of conventional rheometers. One pro- 
viso is, however, that the sample must not undergo any 
physical alteration, for example, a conformational 
transition as the temperature is varied. In other words, 
it is assumed that all relaxation processes are a single 
function of temperature. 

TTS studies were carried out using sugar-alone 
samples (80-85% solids) or mixed systems containing 
low levels of the polysaccharide (0.5-0. 8%). Master 
curves for these samples taken by superimposing 
mechanical spectra along the logarithm of the fre- 
quency axis are shown in Fig. 7. Individual spectra 
covered 3 orders of magnitude (typically 0.1-100 rad/s) 
and the experimental temperature ranged from 90 to 
-30 °C. Clearly, the superposition created a window 
of long time scales of measurement which is illustrated 
in Fig. 7 for the arbitrarily chosen temperature of 
-5 °C. The mechanical response of the sugar prepa- 
ration is predominantly liquidlike, with G" > G' and 
values approaching 10^ Pa; thus, at the upper range of 
frequency the sample traverses the glass-transition 
region. Addition of gellan introduces a discontinuity 
in the spectrum with the polysaccharide trying to form 
a rubbery plateau. However, in the absence of added 
counterions the degree of cross-linking is not adequate 
to give a continuous network (tan d, the ratio of G" 
to G' remains just above 1). Still, the increased 
molecular weight delays the flow region which com- 
mences at about 10"^ s. As for the sugar-alone sample, 
the process of vitrification is noted at the top of the 




Fig. 7 Modulus variation as a function of frequency for 40% 
sucrose + 40% glucose syrup {bottom right spectrum), 0.8% gel- 
lan + 40% sucrose -H 40% glucose syrup {middle spectrum) and 
0.5% gellan + 7 mN CaCfi + 50% sucrose + 35% glucose syrup 
{top left spectrum). Reference temperature: -5 °C 
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frequency range (> 10~^ rad/s). In the presence of 
calcium ions the flow region is superseded by a 
rubbery network where G' shows little frequency 
dependence and G" forms a characteristic trough. 
The sample appears to hold together even after 40 
years of storage at -5 °C (time > 10^ s). A vitrifica- 
tion step {G" > G') is also clear at high frequencies. 



Two basic functions in the gellan-sugar system 

The master curves of Fig. 7 represent the frequency 
dependence that would have been recorded over a wide 
frequency range at a single temperature. They comprise 
several mechanical spectra transposed in relation to a 
point of reference, thus creating a set of shift factors 
which determine the vitrification properties of the 
system in question. The temperature dependence of the 
shift factors can be modelled according to the WLF 
equation [13]: 

iogaT = -c?(r-To)/(c° + r-ro) , (i) 

where Tq is the reference temperature, Cj = BI2303fo 
and C° = /o/af- The fractional free volume, /o, is the 
ratio of free to total volume of the molecule, is the 
thermal expansion coefficient and B is usually set to 1. 
The logarithmic dependences of the shift factors as a 
function of temperature for the cosolute alone and for 
the gellan/cosolute mixtures with and without added salt 
are shown in Fig. 8a. The shift factor (ux) measures the 
temperature dependence of all relaxation processes. 
Since ux is not an exponential function of the reciprocal 
absolute temperature, conventional Arrhenius kinetics 
with a constant energy of activation in an exponential 
form are not applicable. Instead, the temperature 
dependence of logux in Fig. 8a is followed by Eq. (1), 
which yields constant values for Cjand C^. Tg is then 
pinpointed and was found to be -45.5 °C for the sugar- 
alone sample and -26 °C for the two gellan/sugar 
mixtures. Therefore, the importance of the polymer in 
these systems lies in the introduction of a new phase, 
the rubbery region, which vitrifies readily upon cooling. 
In fhe glass-transition region a common pattern of the 



temperature dependence of the relaxation processes is 
observed at temperatures below 20 °C in Fig. 8a, a 
result which suggests that they are governed by a single 
process. The WLF approach argues that this is a free- 
volume effect and calculates the thermal expansion 
coefficient and fractional free volume at the glass 
transition temperature [14]. 

In Fig. 8a the data have been reduced to 0 °C, which 
determines how much the experimental frequency 
sweeps are shifted in order to produce the master curves 
of Fig. 7. For a temperature function which is indepen- 
dent of the arbitrary choice of reference temperature, 
the concept of the energy of activation of the relaxation 
processes is used. This can be derived using the WLF 
equation and for the glass-transition temperature takes 
the following form [15]: 

La dlnax/d(l/r) = 2.303 LCfT^/Cf • (2) 

In Fig. 8b the energy of activation has been normalised 
in relation to that of sugar melts or polymer rubbers, 
i.e. at a state sufficiently remote from the glass- 
transition region. The acceleration in vitrification phe- 
nomena due to the presence of gellan in the system is 
clearly seen (previously quoted Tg s). Furthermore, the 
coincidence in the energetic traces of gellan with and 
without added salt argues that there is little aggregation 
in the network once the intermolecular associations are 
formed. We consider that vitrification is complete at Tg, 
with the apparent activation energy being about 5 times 
that of viscous flow or network relaxation at high 
temperatures. 

Regarding the time function, the master curves of 
Fig. 7 can serve as a starting point. At a single frequency 
the storage and loss moduli are independent and 
unconnected with each other. A connection, however, 
can be made between the shear moduli if we consider 
the distribution function of relaxation times, which is 
expressed as the first derivative of G' and G" with respect 
to frequency [15]: 

<1)(— Inoj) = G'{d logG'/d log to) 

= G"(l-dlogG"/dlogM) . (3) 



Fig. 8 The effect of tempera- 
ture on a the shift factor vari- 
ation for 40% sucrose + 40% 
glucose syrup (O), 0.8% gel- 
lan + 40% sucrose + 40% 
glucose syrup (□), and 0.5% 
gellan + 7 mN CaCb + 50% 
sucrose + 35% glucose syrup 
(■) (the data have been nor- 
malised at 0 °C), and b the 
relative energy of activation for 
the three samples in a 
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Fig. 9 Variation in the relax- 
ation distribution function with 
the time scale of the measure- 
ment for a 40% sucrose -H 
40% glucose syrup, 0.8% gel- 
lan + 40% sucrose + 40% 
glucose syrup and 0.5% gel- 
lan -H 7 mN CaCb + 50% 
sucrose + 35% glucose syrup 
(reference temperature: 0 °C), 
and b polyisobutylene (PIB) 
at two disparate molecular 
weights {MW) (reference tem- 
perature: 25 °C) 





Log T (s) Log 1 (s) 



In this form, the function O gives the contribution to 
instantaneous rigidity of the relaxation processes occur- 
ing between log r and log t + d log t. Logarithmic plots 
of O for our system and two grades of polyisobutylene 
are shown in Fig. 9. Clearly, there is a striking similarity 
between the behaviour of the biological and the 
synthetic materials. The curves for the sugar solution 
and the low-molecular-weight polyisobutylene show 
steep slopes due to incessant flow. Addition of gellan 
or an increase in the molecular weight of polyisobuty- 
lene results in traces comprising three different types of 
response; a steep region which reflects the glass transi- 
tion, a flatter portion corresponding to the softening of 
the material and another steep region at long times due 
to relaxation of segments approaching entire molecules 
in length. The rubbery plateau of polyisobutylene is due 
to the high density of topological entanglements which 
flow at time scales longer than 10"^ s. In contrast, 
addition of counterions to the gellan/sugar system 
induces the formation of enthalpic associations which 
support a three-dimensional network throughout the 
period of observation (about 10^ s). 



Conclusions 

In aqueous/low-sugar systems it is considered that gellan 
gels are formed through the formation of double helices 
which further associate to form highly aggregated three- 
dimensional structures. Because of the highly energetic 
state of this arrangement the contribution to elasticity 
is mainly enthalpic. We envisage a polymeric cobweb 
comprising a series of aggregates interrupted by short 
sequences of disordered coils (Fig. 10a). For vitrification 
to occur a material must be largely amorphous in nature. 
In other words it must not be crystalline. Unlike small 
molecules (e.g. sucrose) and dried fibres, hydrogels 
of polysaccharides do not exhibit X-ray diffraction 
patterns; therefore they are not crystalline. Still, the 
irregularly packed ordered helices prevent vitrification of 
these systems. 




Fig. 10 Schematic representation of the gellan gum gel network in a 
aqueous low-solids systems and b high-solids systems 

Clearly, a highly aggregated polysaccharide network 
can be considered as crystalline in nature and would 
therefore not be expected to undergo vitrification. The 
converse is true in high levels of cosolute. The high- 
sugar/gellan system can be modelled according to the 
WLF free-volume theory which requires a lightly cross- 
linked network with a dominant entropic elasticity. 
In the high-sugar system addition of gellan prevents 
crystallization of the cosolute and the cosolute can 
promote ordering of the gellan gum, a result which 
argues for direct interaction between the polymer and 
the cosolute. At the same time, the sugar-polymer 
interactions replace to a great extent the water-polymer 
interactions, necessary for the thermodynamic stability 
of a gellan aggregate, thus leaving the gellan chains 
mainly in the disordered form. The importance of the 
polymer in these systems lies in the introduction of a 
new phase, the rubbery region, which vitrifies readily 
upon cooling resulting in a higher glass-transition 
temperature than for the sugar alone. We therefore 
envisage a single-phase system bound together by 
hydrogen bonds between sugar, water and polymer 
forming a polymeric network of flexible disordered 
coils supported by occasional junction zones (Fig. 10b), 
thus transforming the system into a rubber which 
undergoes vitrification. 
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Abstract Gellan gum already has 10 
years’ history of commercial appli- 
cation as a food additive, and now 
it has been applied to a very wide 
range of foods. Gellan gum is a 
polysaccharide produced extracellu- 
larly by a microorganism {Pseudo- 
monas elodea); it is a straight-chain 
heteropolysaccharide and comprises 
a repeating unit of four mono- 
saccharide molecules, i.e., glucose, 
glucuronic acid, glucose, and rham- 
nose, thus having one carboxyl 
group in the repeating unit. Recent- 
ly, varions new applications have 
been being studied and new tech- 
nologies have often been used. Gel- 
lan microgel makes full use of the 
gelling characteristics, heat resis- 
tance, good flavor release, etc., of 
the gum. As its name indicates, the 
microgel is an assemblage of very 
fine particles of gellan gum gel and 
has intermediate characteristics 



between gel and sol. Gellan gum gels 
instantaneously in the presence of 
appropriate cations. Based on this 
property, gellan gum can be used as 
an adhesive to apply seasonings to 
the surfaces of foods such as potato 
chips, crackers, arare, etc. In addi- 
tion, gellan gum can gel if any of the 
cations exists with it. Based on this 
character, gellan gum can make 
processable a food material which 
has been regarded as unsuitable for 
food processing. The applications 
presented here are only part of the 
whole range of gellan gum applica- 
tions. It is expected that new appli- 
cations to foods will be developed in 
future by making use of the excellent 
properties of gellan gum. 



Key words Gellan gum • Pseudo- 
monas elodea • Food application • 
Microgel • Restructured food 



Basic properties 

Gellan gum is a polysaccharide produced extracellularly 
by a microorganism {Pseudomonas elodea)', it is a straight- 
chain heteropolysaccharide and is constituted of a 
repeating unit of four monosaccharide molecules, i.e., 
glucose, glucuronic acid, glucose, and rhamnose, thus 
having one carboxyl group in the repeating unit (Fig. 1). 

Thongh gellan gum has an acetyl group (C6) and a 
glyceryl group (C2) on its glucose residue immediately 
after production by fermentation (native gellan gum), 
this report will deal with deacylated gellan gum. 



Method of dissolution 

Gellan gum contains various kinds of inorganic ions, of 
which divalent cations prevent gellan gum from dissolv- 
ing, so gellan gum is insoluble in cold water and has to 
be heated to 90 °C or higher to dissolve it; sometimes 
in hard water it cannot be dissolved even at 90 °C or 
higher. 

Gellan gum can be dissolved in hard water at room 
temperatures if divalent cations are sequestered by 
using a chelating agent. In this case, however, cations 
have to be added to the system in a greater amount than 
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Fig. 1 Structure of gellan gum 

in the case of no chelating agent being used to form 
strong gel. 

The following compounds are used as chelating 
agents in foods: trisodium citrate, sodium hexameta- 
phosphate, tetrasodium pyrophosphate, trisodium phos- 
phate, sodium polyphosphate, etc. In some cases a 
chelating agent and a divalent cation form a salt which is 
insoluble in water, so care has to be taken when clarity 
is necessary for the solution. 

Thus the dissolution of gellan gum simply in cold 
water or hard water has to be carried out carefully, 
and its application to foods has to be made more 
carefully. 

Food ingredients often include cations, proteins, 
insoluble solid matter, sugars, vitamins, carbohydrates, 
etc., and the constituents are very different from food to 
food; therefore, in order to make effective the addition 
of gellan gum to food, much consideration has to be 
given to the timing of addition and the properties of the 
solution to which gellan gum is to be added. 



Method of gel formation 

Unlike agar, gellan gum cannot form a gel simply by 
dissolving it under heat and then cooling the solution. 
Addition of a cation is necessary for the gelation of 
gellan gum. Particularly to obtain a heat-resistant gel, 
the addition of the divalent calcium cation is effective. 
Also, gellan gum can be made to gel by lowering the pH 
of the solution. This is one of the features of gellan gum, 
but the gel so obtained has a tendency to have a lower 
clarity and a higher syneresis. For this reason, gelation 
of gellan gum by lowering the pH is not often used in 
food manufacturing, and the addition of inorganic ions 
is normally used. 



Reactivity with cations 

Though gellan gum can form a strong gel even from a 
dilute solution, the presence of cations is indispensable 
for its gelation. As shown in Fig. 2, the reactivity of 
gellan gum is much higher with the divalent calcium 
cation than with univalent cations, such as sodium, 
potassium, etc. Excessively high concentrations of the 




Fig. 2 Effect of cations on the gel strength of gellan gum gels (1.0%) 



calcium ion, however, make the gel strength decrease. 
Presumably, this is because the association of gellan gum 
molecules proceeds so far to the coagulation state that 
the stable three-dimensional network structure cannot 
be retained. 



Setting and melting temperatures 

Gellan gum is notable for its formation of heat-resistant 
gels. The setting and melting temperatures of gellan gum 
gels are shown in Fig. 3. The gel melting temperature 
rises steeply with an increase in the calcium concentra- 
tion, indicating that calcium will give heat resistance to 
the gel. The increase in the calcium concent, however, 
has little effect on the setting temperature. 



Applications to foods 

Until now, in the food industry gellan gum has been 
used mainly for dessert jellies, jams, fillings, etc., which 
are the applications using the properties described 
previously. Recently, however, various new applications 
have been studied and new technologies have often 
been used. 



Microgel 

The microgel makes full use of the gelling characteris- 
tics, heat resistance, good flavor release, etc., of gellan 
gum. As its name indicates, the microgel is an assem- 
blage of very fine particles of gellan gum gel and has 
intermediate characteristics between gel and sol. The 
microgel has flowability, but, unlike the thickener, the 
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Fig. 3 Effect of calcium on the melting and setting temperatures of 
gellan gum gels (0.2%) 



microgel does not make a polysaccharide-dominated 
viscous solution. Because of this, the microgel has a 
very light mouth feel, which common thickeners do not 
have. 

The microgel, which is an assemblage of fine gel 
particles, has a shape-keeping ability to some extent, 
but it is not totally gelled as a whole. Because of this, 
it can keep various things uniformly dispersed in the 
spaces between the gel particles; for example, the 
microgel can keep fruit flesh dispersed stably, and thus 
is applicable to drinks containing fruit flesh. Besides 
it can keep materials dispersed which usually float 
(e.g., oil and fat). 

A process for manufacturing the microgel is shown in 
Fig. 4. First, gellan gum is heated under agitation and 
dissolved, then, calcium lactate is added to the solution, 
and the solution is cooled under agitation; thus forming 
the gel and crushing the gel are carried out simulta- 
neously to produce the microgel. Of course, the microgel 
can also be produced by crushing a gel that was formed 
beforehand. 

As already mentioned, the favorable points the gellan 
gum microgel has are good flavor release, a light mouth 
feel, the ability to stabilize dispersions, and good clarity. 
In addition, gellan gum has a few more inherent 
features. Firstly, gellan gum is heat-resistant, so the 
microgel can be retained without dissolving when 
microgel drinks after preparation are subjected to 
heating for pasteurization. The microgel can also be 
produced from carrageenan or agar but these microgels 
are not heat-resistant, so they are dissolved and cannot 
retain their structure when subjected to heating for 
pasteurization. Secondly, gellan gum has good acid 
resistance and good salt resistance, so the gellan gum 
microgel is applicable to foods having high salt contents 
and low pHs, such as dressings, etc. 




Gellan gum is heated under 
agitation and dissolved; 
then, calcium lactate is 
added to the solution. 





Fig. 4 Manufacturing process of microgels 
Adhesion to foods 

Gellan gum gels instantaneously in the presence of a 
cation. Based on this behavior, gellan gum can be used 
as an adhesive to apply seasonings to the surfaces of 
foods such as potato chips, crackers, arare, etc. First, 
an aqueous solution of gellan gum is sprayed on the 
surface of the material (e.g., potato chips), and then a 
seasoning, which usually contains common salt (a cation 
source), is scattered on the material. In addition, the 
gellan gum forms a thin, filmlike gel on the material 
instantaneously. By drying the material the process is 
completed, which enables seasonings to be stuck firmly 
on food surfaces with no oil used at all (Fig. 5). This 
process makes unnecessary the oil and fat which are used 
to stick seasonings on foods, and thus solves problems 
such as oxidation of oil and fat, high calorie content, 
and hands and container bags dirtied by the oil and fat 
on foods. 



Restructured foods 

Gellan gum can gel if any of the cations exists with it. 
Based on this property, gellan gum can make process- 
able a food material which has been regarded as 
unsuitable for food processing. For example, mango 
flesh is too soft to be subjected to ordinary food 
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Fig. 5 A process for coating snack 


food surfaces with seasonings 


processing; despite this, mango flesh pieces of any shape 



and any hardness can be obtained by making a paste of 
mango flesh, adding gellan gum to it, and immersing it 
in an aqueous calcium solution after molding. Likewise 
it is possible to make umeboshi containing no seeds by 
restructuring Japanese apricot flesh with gellan gum. 

Other applications 

The applications of gellan gum to foods are summarized 
in Table 1. The table shows how widely gellan gum 
is applied to various foods by making effective use of its 
heat resistance, acid resistance, clarity, reactivity with 
cations, good flavor release, etc. However, the applica- 
tions presented here are only part of the whole range 



Table 1 Examples of applications of gellan gum to various foods 



Application 


Effects 


Jellies 


Heat resistance 

Improvement in acid resistance 
Improvement in mouth feel 
Flavor release 


Puddings 


Improvement in acid resistance 
Improvement in mouth feel 


Mitsumame 
Kyonin tofu 
(annin tofu) 


Heat resistance 

Improvement in acid resistance 
Prevention of gel dissolution in retorting 


Jelly drinks 


Heat resistance 

Improvement in acid resistance 
Prevention of gel dissolution in retorting 


Jams 

Fillings 


Flavor release 
Improvement in mouth feel 


Jellies served 
with daily dishes 


Elevation of melting temperature of gelatin 
Gel 

Acid resistance 


Flour paste 


Flavor release 
Improvement in mouth feel 


Hamburger 
Sausage 
Gyoza (Chinese 
dumpling) 

Shumai (shao-mai) 
Nikuman (meat bun) 


Heat resistance 

Increase in stuffed material volume 
Improvement in mouth feel 

(increase in juicy feel) 


Gel and fruit-flesh- 
dispersing drink 
dressings 


Gel-, fruit-flesh-, and seasoning-dispersing 
effect by microgel 



of possible applications for gellan gum. It is expected 
that new applications to foods will be developed in 
future by making use of the excellent properties of 
gellan gum. 
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Abstract The issue of gelatin re- 
placement has been around for 
many years for the vegetarian, halal 
and kosher markets, but has recently 
gained increased interest especially 
within Europe with the emergence of 
the bovine spongiform encephalo- 
pathy virus. The total gelatin market 
in western Europe alone is 60,000 
tonnes per annum, of which 80% is 
in foods. The textural and rheolog- 
ical properties of gelatin when uti- 
lised in various food applications is 
discussed. Various gelatin alterna- 
tives are proposed, and the mecha- 
nism to alter the functional 
properties of mixed or single poly- 
saccharide systems is discussed. One 
possible gelatin alternative for the 



food industry is gellan gum. Recent 
studies have shown that both the 
levels of glycerate and acetate sub- 
stituents in gellan gum can be con- 
trolled independently. A range of 
gellan gums with varying structural 
and functional properties are stud- 
ied. Changes in the glycerate para- 
meters have a profound effect on the 
structural and rheological charac- 
teristics of gellan gum gels. These 
new gellan gum products have 
unique properties and will lead to a 
range of functionality in food sys- 
tems with one versatile hydrocolloid 
ingredient. 



Key words Gellan • Gelatin 



Introduction 

Gelatin is a product obtained by partial hydrolysis of 
collagen derived from the skin, white connective tissue 
and bones of animals. Industrial preparation of gelatin 
can occur by one of two routes: an acid pretreatment, 
which produces type A gelatin, and an alkali pretreat- 
ment, which produces type B gelatin [1]. Gelatin is a 
high-molecular-weight polymer, which derives most of 
its functionality from the collagen triple helix that is the 
basis of the polypeptide gel network. The molecule has 
a well-defined order-disorder conformation transition, 
that results in low hot viscosities, and the unique 
reversible set-melt characteristics of the gel. Also the 
flexibility of this network gives the elastic properties 
associated with gelatin gels. 

The issue of gelatin alternatives has been around for 
many years, but has recently gained increased interest 



especially within Europe with the emergence of the 
bovine spongiform encephalopathy virus that has in- 
fected cattle. This resulted in the bannins of gelatin and 
beef sales from the United Kingdom to other European 
Union countries, from 1996 until recently, and has 
heightened consumer knowledge of the source of gelatin, 
forcing certain producers to incorporate gelatin alterna- 
tives when formulating existing or new processed foods. 
Additionally the low melt-set characteristics of gelatin- 
based gels can also be a disadvantage when the 
formulated product is not refrigerated, especially in 
hotter climates. 

The polysaccharide-based gelatin alternatives gener- 
ally have less flexible molecular backbones, leading to 
higher hot viscosities than gelatin. 

Many gelatin alternatives proposed for the food 
industry are polysaccharides, which gel based on cation- 
induced junction zones, and which do not have the well- 
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defined melt-set characteristics of gelatin, such as many 
gellan, alginate or carrageenan based gels. There are 
notable exceptions, such as xanthan/locust bean gum 
gels, which are thermoreversible, but which have rela- 
tively high hot viscosities, even compared to polysac- 
charide gelling systems [2]. The approach to developing 
gelatin alternatives for the food industry should be 
application/process specific. It is unlikely that a univer- 
sal ingredient, or a system of polysaccharide gums, will 
replace gelatin in every food application. Examples of 
proposed gelatin alternatives are shown in Table 1. 

One possible gelatin alternative for the food industry 
is gellan gum. Gellan gum is the extracellular polysac- 
charide produced by the organism Sphingomonas elodea 
during aerobic fermentation [3]. The biopolymer is 
produced with two acyl substituents present on the 
3-linked glucose, namely, L-glyceryl, positioned at 0(2), 
and an acetyl substituent at 0(6). Gellan gum is 
currently commercially available in both the high-acyl 
(HA) and the low-acyl form (LA). When hot solutions 
of gellan gum are cooled in the presence of gel- 
promoting cations, gels ranging in texture from brittle 
to elastic are formed, through principally cation-medi- 
ated helix-helix aggregation [4]. A wide range of gel 
textures can be produced through manipulation of 
blends of HA and LA gellan gum. 

It has been shown that the textural properties of 
gellan gum are dependent on its acyl content [5, 6]. 
Partially deacylated products studied include low acetate 
(cold KOH treatment) and intermediate acyl products 
(hot KOH treatment). In these studies acetyl substitu- 
ents were removed in preference to glyceryl residues. 
New studies have shown the ability to form acetate-rich 
gellan gum by chemical treatment. These new products 
may also be achieved through new strain development 



[7]. A comparison is made between these new interme- 
diate acyl products and simple blends of HA and LA 
gellan gum products. 



Materials and methods 

A range of gellan gum products have been produced by base 
treatment of HA gellan gum. Samples were prepared from either 
native broth or reconstituted HA gellan gum [8]. The analysis of 
gellan gum for acyl substituent levels has previously been described 
[9]. Samples were cast for texture profile analysis in cylindrical 
moulds of 14-mm height and 29-mm internal diameter. Gels were 
removed from the moulds after overnight storage at 5 °C, and were 
compressed at 0.85 mm s“’ to either 30 or 15% of their original 
height (70-85%) strain, depending on the soluble solids loading. 
The modulus, a measure of the gel’s initial firmness, and the 
brittleness, a measure of the strain at rupture, were recorded. The 
setting and melting behaviour of the samples were measured using 
a CarriMed controlled stress rheometer. Tests were performed 
using a 6-cm parallel plate, 0.5-1-mm gap, and a cooling/heating 
rate of 2 °C/min. The strain was controlled at 1%, and the 
frequency at 10 rad s“’. 



Results and discussion 

It has been demonstrated that control of the acyl content 
by alkali treatment during the gum recovery process can 
lead to a diversity of textures [5]. To date, however, this 
control has not been realised on a commercial scale, and 
gellan gum remains available in two forms, namely LA 
and HA. A wide range of gel textures can be produced 
through manipulation of blends of HA and LA gellan 
gum as shown in Lig. 1. 

However, it has been demonstrated using differential 
scanning calorimetry and rheological measurements that 
mixtures of the HA and LA forms exhibit two separate 



Table 1 Functional properties of gelatin in selected food applications with possible alternatives 



Food application Desired gelatin properties Current alternatives 



Technical constraints of alternative 



Desert gels RTF 
High-solids confectionery 



Foamed confectionery - 
marshmallows 
Low-fat spreads 



Stirred yogurt 



Desserts - Mousses 



Sour cream 



Clarity, elastic texture, 
melt in mouth 
Elastic texture, clarity, 
low hot viscosity, 
low set temperature 
Whipping/aeration agent, 

foam stabiliser, elastic texture 
Elastic gel texture, 
fatlike melt mouthfeel, 
emulsion stabilisation 
Creamy mouthfeel, 

gelled network prevents 
separation or syneresis 
Whipping agent, 
creamy consistency, 
low set temperature 
Smooth texture, 
creamy mouthfeel 



Algin, gellan and 
carrageenan systems 
Gellan gum blends, 
carrageenan systems, 
thinned-starch systems 
Gellan/starch/emulsifier blends, 
modified starch/emulsifiers 
Sodium alginate/gellan/inulin/ 
simplesse/maltodextrin/ 
gum blends 

Gellan/modified starch/ 

xanthan/LBG/pectin/modified 

starch 



Hot viscosity, higher set temperature 

Set temperature and hot viscosity, 
texture-elasticity gels 

Textural constraints - low elasticity 
and/or high set temperature 

Cost competitive, but good 
application for alternatives 

High viscosity and high set 

temperature in culture/production 
process 

Current production process, 
stored prior to aeration chilling 



Alginate/starch blends 



Gellan gum with 
modified starch 



High set temperature 
during processing 
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LA gellan gum fraction 
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HA gellan gum fraction 

Fig. 1 Modulus (■) and brittleness (A) of mixed high acyl {HA) and 
low acyl {LA) gellan gum water jellies (1% total gum in 2 mM 
calcium) 




conformational transitions at temperatures coincident 
with the individual components [6, 10]. No evidence for 
the formation of double helices involving both HA and 
LA molecules was found. The setting temperatures of 
a deacylated gellan gum product and a HA product, 
and also a blend of the two components, which shows 
two distinct setting temperatures, are shown in Fig. 2. 
This means that the problems associated with the high 
gelation temperature (about 70 °C) of the HA gellan 
gum are still present in blended systems. The high 
gelation temperature of HA gellan gum can be advan- 
tageous in some applications, such as fruit fillings, where 
it can prevent flotation of the fruit. In other applica- 
tions, such as ready-to-eat jellies and high-solids sys- 
tems, it can be a problem with regard to pregelation 
prior to depositing. 

Previous studies on the partial deacylation of HA 
gellan gum broth had reported that treatment with 
various levels of KOH (cold) had preferentially removed 



acetate residues, which led to nonbrittle textures, 
whereas treatment with variable levels of KOH (hot) 
removed both acetate and glycerate residues at a similar 
rate [5]. Morris et al. [6] have also reported that it is the 
glycerate residues that principally stabilise helical for- 
mation, leading to high setting temperatures of the HA 
product, and further helix-helix aggregation is hindered 
by acetyl substituents which lie on the periphery of the 
helix, resulting in soft elastic gels. 

New studies have shown that if the HA broth is 
treated with various levels of different bases, glycerate 
residues are removed preferentially to acetate residues 
[8]. Varying the type of base alters the rate of 
deacylation of glycerate versus acetate residues. This is 
clearly seen in Fig. 3, which shows that glycerate 
residues are liberated at a faster rate than acetate. 

By varying the level of this base, it is now possible 
to produce a wide range of rheological and textural 
properties of the intermediate acyl products. Unlike in 
the previous studies, it is now possible to produce elastic 
gel textures which have considerably lowered set and 
remelt properties. Again, if deacylation is continued, the 
distinct thermoreversible behaviour of the intermediate 
acyl products diminishes. This is shown for a range 
of partially deacylated gellan products for set-melt 
behaviour in Fig. 4. Residual glycerate and acetate 
substituents per repeat unit are denoted by and /^, 
respectively. The wide range of textures that can be 
achieved for these four products is also shown in Fig. 5. 
The lowering of the setting temperature of samples b 
and c, compared to the control sample, is apparent, 
whilst desirable properties such as elasticity and brittle- 
ness are maintained. 

These new gellan gum products have unique proper- 
ties, and will lead to a range of functionality in food 
systems with one versatile hydrocolloid ingredient. 
Actual examples are shown in Fig. 6 for intermediate 
acyl products in two common food applications of 




Temperature (®C) 



Fig. 2 Cooling profiles of deacylated gellan gum (♦), HA gellan gum 
(□) and a 1:1 blend of each (A). 0.5% total gum in 90 mM sodium 
(cooled at 2 °C/min, 1% strain, 10 rad s“') 




Fig. 3 Effect of base treatment on the liberation of acetate (A) and 
glycerate (□) from HA gellan gum 
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Fig. 4 Cooling (□) and heating 
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Fig. 5 Texture of gellan gum gels prepared from the samples in Fig. 4 
(0.5% w/w in 2 mM calcium) 

gelatin, i.e., water jellies and high-solids systems. It can 
be seen in the water-based dessert gel formulation (15% 
solids) that a partially deacylated form of HA gellan can 
closely match the gelatin texture. This product will also 
be distinct from gelatin, in that it will have a higher melt- 
set temperature, which is advantageous for rapid-set 



formulations and for stability in hot climates. In the 
high-solids example, the partially deacylated product 
is much closer to the gelatin texture than simple blends 
of HA and LA gellan gum components in terms of 
properties such as brittleness, elasticity and cohesive- 
ness. Again if a hrmer, harder gel is required for 
particular geographical preferences, a higher ratio of the 
LA component may be added to the formulation. 



Conclusions 

The examples provided illustrate the wide range of 
textures, from hard and brittle to soft and elastic, that 
can be achieved in many food applications with one 
versatile gelling agent. These textural properties are also 
strengthened by other parameters such as excellent 
clarity and flavour release from gellan gum gels. It is 
hoped to commercialise these proprietary products in 
the near future by tailoring the gellan molecular 
structure to the specihc needs of various food applica- 
tion segments. 



Fig. 6 Comparison of the 
texture of partially deacylated 
gellan gum samples with com- 
mercial gelatin formulations in 
a water-based dessert gels 
(15% solids) and b a high-solids 
system (72% soluble solids) 
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